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for by soil dust and the other half by Pb mining. 
Sample 2p2 has a "^Pb/^Pb = 1.1827 and its age 
lies between 3000 (145 cm, core 2p) and 2110 14 C yr 
BP (96 to 102 cm, core 20. If we assume that the 
background soil dust signature at this time was 
**Pb/*>'Pb = 1.1999 (Fig. 3). we can calculate the 
isotopic composition of the Pb ores by solving for x 
1.1827 = 0.5 (1.1999) + 0.5 (x). Using this simple 
approach, we calculated that the Pb ores must have 
had ^Pb/^Pb = 1.1655. According to J. O. Nriagu 
(2), mining in the Iberian Peninsula accounted for 
37% of the Pb that was produced during the Iron Age 
(1200 to 50 B.C.), making it the most important Pb 
mining area of its time. Ores from these mines are 
known to have 206 Pb/ 207 Pb values between 1.1722 
and of 1.1619 (58). The single most important ore 
body from this area is Rio Tinto, and the galenas from 
this ore range from **Pb/ 207 Pb = 1.1632 to 1.1639 
[C. Pomies, A. Cocherie, C. Cuerrot, E. Marcoux, J. 
Lancelot. Chem. Ceo/. 144, 137 (1998)]. 
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man, Alter Bergbau in Deutschland (Theiss, Stuttgart. 
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radiogenic than the Greenland ice samples dating 
from the same period (35). Moreover, the results 



The development of new drugs to treat de- 
pression has been severely constrained by a 
poor understanding of the pathophysiology of 
this disease and of the mechanisms by which 
drugs that augment monoamine function al- 
leviate its symptoms. The predictive validity 
of many preclinical assays is also limited by 
an inability to model psychiatric disease in 
animals. However, there is a pressing need 
for improved antidepressant therapies, given 
the considerable prevalence, morbidity, and 



from EGR reveal not one but two distinct "preanthro- 
pogenic" aerosols: during the early Holocene, the 
background aerosol had Pb/Sc - 2 and ™*Pbf 
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mortality of depressive disorders, the incom- 
plete efficacy of currently available drugs in 
many patients, and the potentially distressing 
adverse effects of existing therapies (/). 

Localization of substance P in brain: 
Evidence for an involvement in the re- 
sponse to stress. Substance P is the most 
abundant neurokinin in the mammalian cen- 
tral nervous system (CNS). Mapping studies 
indicate that the substance P-preferring neu- 
rokinin-! (NK,) receptor is highly expressed 



Distinct Mechanism for 
Antidepressant Activity by 
Blockade of Central 
Substance P Receptors 
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The localization of substance P in brain regions that coordinate stress responses 
and receive convergent monoaminergic innervation suggested that substance 
P antagonists might have psychotherapeutic properties. Like clinically used 
antidepressant and anxiolytic drugs, substance P antagonists suppressed iso- 
lation-induced vocalizations in guinea pigs. In a placebo-controlled trial in 
patients with moderate to severe major depression, robust antidepressant 
effects of the substance P antagonist MK-869 were consistently observed. In 
preclinical studies, substance P antagonists did not interact with monoamine 
systems in the manner seen with established antidepressant drugs. These 
findings suggest that substance P may play an important role in psychiatric 
disorders. 
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in brain regions that are critical for the regu- 
lation of affective behavior and neurochemi- 
cal responses to stress (2). This distribution 
provides multiple opportunities for interac- 
tions between substance 4* and the convergent 
norepinephrine and serotonin pathways 
through which established antidepressant 
drugs act, suggesting that substance P antag- 
onists might have utility in the treatment of 
psychiatric disorders. Some norepinephrine- 
and serotonin-containing cell bodies also co- 
express substance P, presenting opportunities 
for more direct neuronal modulation (2). The 
potential for such functional interactions in 
vivo is supported by the observation that 
repeated administration of established antide- 
pressant drugs causes down-regulation of 
substance P biosynthesis in discrete brain 
regions in rats, raising speculation that alter- 
ations in neurokinin systems may contribute 
to their antidepressant efficacy (3). 

Activation of central substance P pathways 
occurs in response to noxious or aversive stim- 
ulation. Neurochemical experiments in rats re- 
vealed changes in substance P content in the 
hippocampus, septum, periaqueductal gray, and 
ventral tegmental area after inescapable foot 
shock, immobilization, and social isolation (4). 
Central injection of substance P or related pep- 
tide agonists induces conditioned place aver- 
sion and produces an anxiogenic profile on the 
elevated plus maze, implying that activation of 
central substance P pathways is aversive (5). 
There is, however, little direct or experimental 
evidence that overactivity in central substance P 
pathways may be involved in the pathophysiol- 
ogy of depression or anxiety. In one study, 
higher concentrations of substance P were 
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found in the cerebrospinal fluid of depressed 
patients (<5); however, this finding was not rep- 
licated (7). 

Development and characterization of 
nonpeptide substance P antagonists. Since 
the discovery of the first nonpeptide sub- 
stance P receptor antagonist, CP-96,345 (£), 
several groups have produced structurally di- 
verse, highly selective antagonists. This cre- 
ated the opportunity to investigate . whether 
selective blockade of central substance P re- 
ceptors is capable of modifying responses to 
stress in preclinical studies (0). Recently, we 
described the synthesis of the bis(trifluoro- 
methyl) morpholine MK-869, an orally bio- 
available, long-acting substance P antagonist 
(10) that was selected for clinical development. 
An analog of this compound, L-760,735 (//), 
and the structurally unrelated agent L-733,060 
(12) were used as research tools in our pre- 
clinical studies because of the availability of 
chemically related compounds with low af- 
finity for the substance P receptor (L-770,765 
and L-733,061, respectively) that could be 
used to control for nonspecific pharmacolog- 
ical effects. By comparing the profiles of 
these compounds, we were able to ensure that 
the effects we observed in preclinical assays 
were really attributable to blockade of the 
substance P receptor. 

MK-869. and L-760,735 exhibited high 
affinity for the gerbil and guinea pig NK, 
receptor (mean inhibitory concentration 1C 50 
= 0.3 to 0.5 nM) (13), and the preclinical 
profile of these compounds was therefore 
characterized using these species. The selec- 
tivity of MK-869 and L-760,735 for the hu- 
man substance P receptor was much greater 
than for 90 other G protein-coupled receptors 
and ion channels (by a factor of ^3000); no 
significant activities of the parent compounds 
or their metabolites were detected against 
monoamine oxidase A or B, norepinephrine, 
dopamine, and serotonin reuptake sites, 5-hy- 
droxytryptamine (5-HT IA or 5-HT 2A ) recep- 
tors, monoamine transporters, or mu, delta, or 
kappa opiate receptors (IC 50 ^ 3 jjlM) (13). 

In gerbils, central infusion of substance P 
agonists, such as GR73632, elicits a vigorous 
and readily quantifiable rhythmic drumming 
or tapping of the hind feet, which can be 
inhibited by systemic administration of brain- 
penetrant substance P receptor antagonists 
(14). Thus, inhibition of NK, agonist-in- 
duced foot tapping in this species provides an 
in vivo functional assay for the CNS penetra- 
tion of antagonists, and this enabled us to 
identify optimal research tools with which to 
investigate the role of substance P in the 
brain. MK-869, L-760,735, and L-733,060 all 
potently inhibited GR73632-induced foot 
tapping (mean inhibitory dose ID 50 ^ 0.3 
mg/kg of body weight, intravenously). 

Antidepressant-like profile of substance 
P antagonists in preclinical assays. In guinea 



pigs, central infusion of substance P agonists 
causes locomotor activation (15) accompanied 
by pronounced and long-lasting audible vocal- 
izations (16). This observation was of particular 
interest because psychotropic drugs that allevi- 
ate symptoms of anxiety and depression in hu- 
mans are known to inhibit stress-induced vocal- 
izations in many mammalian species (17). In 
guinea pigs, vocalizations elicited by intracere- 
broventricular (icv) infusion of GR73632 (0.1 
nmol) were virtually abolished by pretreatment 
with L-733,060 (3 mg/kg), but not by its less 
active enantiomer L-733,061, confirming the 
NK, receptor specificity of this response. 
GR73632-induced vocalizations were marked- 
ly attenuated (>70%) by acute pretreatment 
with the antidepressant drugs imipramine and 
fluoxetine (30 mg/kg), but not by the anxiolyt- 
ics diazepam (3 mg/kg) or buspirone (10 mg/ 
kg) (Fig. 1). These findings show that clinically - 
used antidepressant drugs were able to block 
the behavioral effects of central substance P 
receptor stimulation. 

We then investigated the involvement of 
endogenous substance P release in vocaliza- 
tion caused by psychological stress in this 
species. The ability of the substance P antag- 
onists L-760,735, L-733,060, and their low- 
affinity analogs to inhibit vocalizations 
evoked in guinea pig pups by transient ma- 
ternal separation was compared with that of 
clinically used antidepressant and anxiolytic 
drugs. During 15 min of separation from their 
mothers and littermates, guinea pig pups 
emitted an audible vocalization response re- 
sembling that elicited by central infusion of 
GR73632. Consistent with findings in this 
and other species (77), acute administration 
of the antidepressant drugs phenelzine, imip- 
ramine, or fluoxetine, or of the anxiolytics 
diazepam (a benzodiazepine) or buspirone (a 



1200 




Treatment and dose (mg/kg) 

Fig. 1. Inhibition of vocalization induced by 
infusion of the substance P agonist CR73632 
(0.1 nmol icv) in guinea pigs (76). Compounds 
were administered subcutaneously or intraperi- 
toneally 30 min before the infusion. Imipra- 
mine (Imip), buspirone (Busp), L-733,060 (060), 
and L-733,061 (061) were dissolved in 0.9% 
saline and administered subcutaneously. Fluox- 
etine (Fluo) and diazepam (Diaz) were suspended 
in 0.5% methocel and administered intraperito- 
neally. Data were subjected to ANOVA followed 
by Dunnett's t test (n = 4 to 6 per group); *p < 
0.05 compared with vehide treatment 
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5-HT, A receptor partial agonist), 30 min be- 
fore maternal separation caused a dose-de- 
pendent and complete inhibition of separa- 
tion-induced vocalizations in guinea pig 
pups. Similarly, the substance P antagonists 
L-760,735 and L-733,060 completely inhib- 
ited separation-induced vocalizations (Fig. 
2). In contrast, compounds with weak NK, 
receptor affinity, L-770,765 (3 mg/kg) and 
L-733,061 (10 mg/kg), failed to inhibit sep- 
aration-induced vocalizations (^14%), again 
confirming the substance P receptor specific- 
ity of this effect. Inhibition of separation- 
induced vocalizations by substance P antag- 
onists was critically dependent on their abil- 
ity to penetrate the CNS because the poorly 
brain penetrant compounds L-743,310, LY 
303870, and CGP 49823 (14) showed only 
weak activity in this assay (ID 50 > 30 mg/kg 
intraperitoneal ly). The NK, receptor antago- 
nists from our morpholine series also potently 
inhibited vocalizations in guinea pig pups 
when administered orally 4 hours before ma- 
ternal separation (ID 50 for MK-869 was 0.7 
mg/kg, versus 0.9 mg/kg for L-760,735), in- 
dicating their suitability as oral therapeutic 
candidates. These studies demonstrate that 
selective pharmacological blockade of sub- 
stance P receptors is capable of inhibiting 
behavioral responses to psychological stress 
in a manner resembling the effect of clinical- 
ly used psychotherapeutic agents. 

Demonstration that MK-869 is an effi- 
cacious and well-tolerated antidepressant 
in patients with major depressive disorder. 
A randomized double-blind placebo-con- 
trolled study was conducted to evaluate the 
safety and efficacy of single daily doses of 




Dose (mg/kg) 

Fig. 2. Inhibition of vocalization induced by 
transient maternal separation of guinea pig 
pups. Pups were prescreened to ensure that a 
vocalization response was reproducibly elicited 
after maternal separation. Pups were placed 
individually in a room isolated from the home 
cage for 15 min, and the duration of vocaliza- 
tion was recorded. Animals vocalizing for >5 
min were used for drug challenge studies. Each 
pup received a subcutaneous or intraperitoneal 
injection of test compound (as described for 
Fig. 1) and was returned to the home cage for 
30 min before maternal separation, as de- 
scribed above. The duration of vocalization on 
the drug treatment day is expressed as a per- 
centage of the pretreatment baseline value for 
each animal {n = 4 to 6). 



300 mg of MK-869 in comparison to parox- 
etine (20 mg) or placebo in outpatients with 
major depressive disorder (MDD) and mod- 
erately high anxiety. MK-869 was chosen to 
test the concept clinically because of its high 
affinity, selectivity, brain penetrance, dura- 
tion, and oral bioavailability that permitted a 
once daily oral dosing regimen. MK-869 was 
well tolerated in human volunteer studies at 
300 mg, a dose for which pharmacokinetic 
data predicted >90% blockade of central 
substance P receptors. 

The study was conducted at four experi- 
enced investigative sites (18). Eligible pa- 
tients completed a washout of previous psy- 
chotropic medications (19) and were random- 
ized in equal numbers to receive MK-869, 
paroxetine, or placebo (20). Efficacy mea- 
surements were made at the end of weeks 1 , 
2, 4, and 6, or on termination. The primary 
efficacy outcome measure was the 21 -item 
Hamilton depression (HAM-D21) total score; 
secondary measures included the Hamilton 
anxiety (HAM-A) total score and the Clinical 
Global Impressions severity scale (CGI-S) 
(21). The demographics of the patients in the 
three treatment groups were comparable (22). 

The principal outcome was a 4.3-point 
difference in mean change from baseline to 
week 6 between MK-869 and placebo in total 
HAM-D21 score, confirming that MK-869 is 
an efficacious antidepressant (Fig. 3A). The 
effect of MK-869 was similar to that of 




Fig. 3. Effect of treatment with MK-869 (300 
mg/day) or paroxetine (20 mg/day) on mean 
change from baseline on the Hamilton Depres- 
sion Scale (HAM-D21) (A) and the Hamilton 
Anxiety Scale (14 items) (B) in patients with 
major depressive disorder. Comparisons are of 
MK-869 (red circles, n = 66) or paroxetine 
(green triangles, n = 68) versus placebo (open 
squares, n = 64). Error bars show 95% confi- 
dence intervals. 



paroxetine (mean change of 3.6 points). 
The antidepressant effect of MK-869 was 
observed at all four investigative sites [dif- 
ferences of 4.1, 6.6, 3.3, and 3.2 points, 
respectively (22)] and was corroborated by 
all secondary measures. A standard mea- 
sure of response, ^50% change from base- 
line to week 6 in total HAM-D21 score, was 
compared for the different treatment groups. Of 
the patterns receiving MK-869, 54% showed 
improvements of >50% from baseline, com- 
pared with 46% for paroxetine and 28% in the 
placebo group. In addition, 43% of patients 
treated with MK-869 reached scores of <10 
points (generally considered to be a complete 
response) on the HAM-D17 at last rating, com- 
pared with 33% of patients treated with parox- 
etine and 17% of patients receiving placebo. 

Mean changes from baseline to week 6 for 
the four factors of the HAM-D21 showed that 
the antidepressant profiles of MK-869 and 
paroxetine were generally similar (23). 
Changes for each of the 21 items of the 
H AM-D2 1 were explored further to compare 
the profile of MK-869 with that of parox- 
etine. Both drugs were superior to placebo on 
many items of the HAM-D21. Patients re- 
ceiving MK-869 showed more improvement 
than those on paroxetine on items of insom- 
nia (early; item 4) and genital symptoms 
(item 14), whereas paroxetine showed more 
improvement than MK-869 on item 17, in- 
sight. MK-869 also demonstrated significant 
anxiolytic activity in this population of de- 
pressed patients. An anxiolytic effect was 
gradually observed, which continued to in- 
crease through week 6 (Fig. 3B). 

The safety and tolerability of MK-869 were 
generally similar to placebo, except for mild 
and typically transient somnolence and asthe- 
nia, side effects also observed with paroxetine 
(Table 1). The most common clinical adverse 
experiences (AEs) observed in patients receiv- 
ing MK-869 were headache (32%), somno- 
lence (20%), nausea (18%), and asthenia/fa- 
tigue (14%); these were generally mild and 
transient. Nausea, which occurred in 29% of 
patients on paroxetine compared with 10% of 
those on placebo, was the chief AE causing 
discontinuation of treatment with paroxetine. 
Notably, the incidence of sexual dysfunction in 
patients receiving paroxetine (a problem ob- 
served with other serotonin reuptake inhibitors) 
was 26%, significantly greater than with MK- 
869 (3%) or placebo (4%). In addition, dis- 
continuation as a result of clinical AEs was 
more frequent among patients receiving par- 
oxetine (19%) than among patients receiving 
MK-869 (9%) or placebo (9%). There was no 
pattern in the types of clinical AEs that 
caused discontinuation in patients on MK- 
869 or placebo. There were no reports of 
drug-seeking behavior (symptoms of drug 
withdrawal or any other AEs suggestive of a 
potential for drug abuse) or clinically signif- 
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icant changes in vital signs, physical exami- 
nation, weight, or electrocardiograms in pa- 
tients treated with MK-869 (24). 

Novel mechanism of antidepressant ac- 
tivity. These findings provide clinical evi- 
dence that substance P antagonism represents 
a well-tolerated, distinct mechanism for anti- 
depressant activity. The antidepressant effect 
of MK-869 was observed at all investigative 
sites and was consistently corroborated by all 
secondary measures — that is, HAM-D items 
(for example, item I, depression), most 
HAM-D factors, percentages of patients 
achieving >50% response, percentages of 
patients with HAM-D scores of <10, and 
clinical global ratings. Because paroxetine 
showed a similar effect (mean change of 3.6 
points) on the HAM-D21, the study had good 
assay sensitivity. In addition, the results of 
the "as observed" and "last observation car- 
ried forward" analyses were similar, indicat- 
ing that the results were not markedly affect- 
ed by carrying forward data in patients who 
discontinued (25). MK-869 also demonstrat- 
ed significant anxiolytic activity in this pop- 
ulation of depressed patients. 

Anxiety levels of the depressed patients in 
this study were moderately high but within 
the range expected for a population with a 
primary diagnosis of depression. The differ- 
ential time course of the antidepressant and 
anxiolytic effects (seen from visual inspec- 
tion of the curves), and the similar profiles of 
MK-869 and paroxetine on the HAM-D21 
factors and items, suggest that the antidepres- 
sant effects of MK-869 are independent of its 
potential anxiolytic effects. 

An important question raised by these 
findings is whether substance P antagonists 
and established antidepressant drugs really 
act via distinct molecular targets (for exam- 
ple, monoamine transporters or the NK, re- 
ceptor). We investigated whether markers of 
monoamine function were changed after 
acute administration of the substance P an- 
tagonist L-760,735 in vivo. In gerbils, treat- 
ment with reserpine caused hypothermia and 
ptosis. Consistent with the results of previous 
studies using mice (26), phenelzine and imip- 
ramine reversed these effects, whereas fluox- 
etine and L-760,735 did not (all test com- 
pounds administered at 30 mg/kg). Moreover, 
repeated administration of a substance P an- 
tagonist for 14 days did not cause down- 
regulation of cortical p-adrenoreceptors in 
rats (27). These findings show that central 
substance P receptor blockade does not aug- 
ment norepinephrine function in a manner 
resembling the action of monoamine oxidase 
inhibitors or tricyclic antidepressants. 

The ability of L-760,735 to potentiate 
5-HT-mediated behaviors (28) was com- 
pared with that of other antidepressant drugs 
in gerbils. Administration of the 5-HT pre- 
cursor 5-hydroxytryptophan in animals pre- 



treated with pargyline (100 mg/kg intraperi- 
toneal ly) caused a behavioral syndrome com- 
prising wet dog shakes, forepaw treading, 
splaying of the hindlimbs, and flattened body 
posture. The frequency or number of animals 
exhibiting these behaviors was increased by 
administration of monoamine reuptake inhib- 
itors as compared with animals receiving ve- 
hicle, but not in animals treated with 
L-760,735 (all compounds tested at 30 mg/ 
kg). Consistent with these findings, acute 
central substance P receptor blockade did not 
affect extracellular 5-HT concentration, as 
measured by in vivo microdialysis in the rat 
hippocampus (29). 

Thus, L-760,735 did not augment norepi- 
nephrine or serotonin function in the manner 
seen with established antidepressant drugs. 
The atypical profile of L-760,735 in these 
assays supports the proposal that the antide- 
pressant activity of substance P antagonists is 
mediated via a novel mechanism, as was also 
reflected by the absence of sexual dysfunc- 
tion, nausea, or other adverse effects associ- 
ated with established antidepressant drugs in 
patients. Because many clinically used anti- 
depressant drugs have relatively poor phar- 
macological specificity, the possibility that 
their therapeutic effects might be explained 
through a direct blockade of central substance 
P receptors was examined. A range of struc- 
turally diverse antidepressant drugs (phenel- 
zine, imipramine, fluoxetine, mianserin, re- 
boxetine) was found to have no significant 
affinity for human, guinea pig, and gerbil 
NK, receptors (IC 50 > 10 pM) (13). 

Possible CNS sites for antidepressant ac- 
tivity of substance P antagonists. There are 
many potential CNS sites that might mediate 
the antidepressant activity of substance P antag- 
onists and other classes of antidepressant drugs. 
Of these, the amygdala in particular has been 
implicated as a potential site for the action of 
established antidepressant drugs. Thus, focal 
injection of imipramine into the amygdala pro- 
duces effects in assays involving psychological 
stress resembling those seen after systemic ad- 
ministration (30). 

A major output projection from the amyg- 
dala is to the hypothalamus. In cats, electrical 
stimulation of the amygdala facilitates the 
emergence of a defensive rage syndrome elic- 
ited by stimulation of the hypothalamus. 
Imipramine and related antidepressants block 
attack behavior caused by hypothalamic stim- 
ulation in cats (31). Substance P provides a 
powerful monosynaptic input from the medi- 
al amygdala to the hypothalamus that is im- 
portant for the expression of defensive rage in 
cats. Thus, both systemic and intrahypo tha- 
lamic infusion of the substance P antagonist 
CP-96,345 blocks the facilitatory effects of 
amygdaloid stimulation on defensive rage 
(32). A second major projection from the 
amygdala is to the periaqueductal gray 



(PAG), where electrical stimulation also 
causes defensive rage behavior in cats. The 
PAG shows dense immunoreactivity for sub- 
stance P, and the amount of preprotachykinin 
mRNA has been shown to increase in the 
dorsal PAG after social defeat stress in rats 
(33). These and other substance P-containing 
pathways may therefore be important in the 
response to stressors, particularly in relation 
to vocalization responses examined in the 
present studies using guinea pigs. 

After activation, substance P NK, recep- 
tors are internalized and at least 1 hour elaps- 
es before the protein is recycled into the 
neuronal membrane (34). We exploited this 
internalization as a way to map those brain 
regions in which release of endogenous sub- 
stance P occurred after maternal separation of 
guinea pig pups (35). We saw an increase 
(about 60%) in the number of cells showing 
NK, receptor internalization in the anterior- 
basolateral amygdala after maternal separa- 
tion for 5 min (36) (Fig. 4). We conclude that 
psychological stress causes release of sub- 
Table 1. Incidence (>5%) of clinical adverse ex- 
periences (AEs) in patients receiving MK-869 (300 
mg) or paroxetine (20 mg). Only those AEs ob- 
served at rates numerically greater than with pla- 
cebo are shown. 



Percentage of patients 

MK-869 Paroxetine Placebo 
( n « 71) [ n = 72) ( n = 70) 



Nervous system and psychiatric 



Headache 


32 


28 


24 


Somnolence 


20 


19 


9 


Insomnia 


11 


14 


9 


Irritability 


7 


1 


0 


Nervousness 


1 

Digestive 


6 


4 


Nausea 


18 


29* 


10 


Diarrhea 


11 


15 


9 


Dry mouth 


9 


8 


7 


Flatutence 


7 


3 


4 


Dizziness 


7 


8 


6 


Anorexia 


4 

Respiratory 


11 


3 


Upper respiratory 


6 


8 


3 


infection 








Skin and appendages 




Sweating 


3 

Urogenital 


11 


3 


Total sexual 


3t 


26* 


4 


dysfunction: 








combined terms 








Libido decreased 


0 


6 


0 


General sexual 


ot 


8* 


0 


dysfunction 








Ejaculation disorder 3f 


20 


7 


(% males) 








Impotence 


3 


10 


4 


(% males) 


General 






Asthenia/fatigue 


14 


19* 


4 


Abdominal pain 


9 


6 


3 



•Paroxetine greater than placebo, p £ 0.05. t MK-869 
less than paroxetine, p £ 0.05. 
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stance P in the amygdala. It is not yet known 
whether stress-induced NK, receptor inter- 
nalization is inhibited by substance P antag- 
onists; however, this possibility is strongly 
suggested by the prevention of substance 
P-induced receptor internalization in the stri- 
atum of rats by the NK, receptor antagonist 
RP 67580 (34). 

Conclusions. MK-869, a brain-penetrant 
substance P antagonist, represents an innova- 



Fig. 4. Immunocytochemical demonstration of 
NK 1 receptor endocytosis in anterior-basotat- 
eral amygdala in response to maternal separa- 
tion of guinea pig pups. (A) In nonisolated 
guinea pig pups. NK 1 receptor immunoreactiv- 
ity (IR) is associated with the somatic and 
dendritic surfaces of the neurons. (B) After 
maternal separation for 5 min, there was a 
marked transfer of NK, receptor IR from the 
cell surface to intracellular endosomes, accom- 
panied by structural reorganization of dendrites 
characterized by varicosities rich in NK, recep- 
tor-positive endosomes and linked by thin fi- 
bers (arrows). Scale bar, 50 p,M. ANOVA re- 
vealed an increase (p ^ 0.016) in the number 
of cells in the anterior-basolateral amygdala 
exhibiting NK, receptor endocytosis in animals 
separated from their mothers compared with 
nonisolated pups (n = 5 or 6). 



tive mechanistic approach to antidepressant 
therapy. The precise mechanism by which 
these therapeutic effects are brought about is 
not yet known, as is the case for traditional 
antidepressant therapies, but preclinical evi- 
dence suggests that it may. involve the inte- 
gration of emotional responses to stress by 
brain structures such as the amygdala. The 
possibility that alterations in substance P or 
the NK, receptor are primarily involved in 
the pathogenesis of depression requires fur- 
ther investigation, which may lead to a better 
understanding of the pathophysiology of this 
disease. 
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Abstract 

The selective tachykinin NK, receptor antagonist, 2-(/?)-(l-(/?)0,5-Bis(trifluoromethyl)phenylethoxy)-3-(5)-(4-fluoro)phenyl-4-(3- 
oxo-l,2,4-triazol-5-yl)methylmorpholine (MK-869), has been recently described as a novel therapeutic approach for anxiety/depression. 
A frequently used model to establish the central nervous system (CNS) activity of tachykinin NK , receptor antagonists is the inhibition of 
NK t agonist-induced foot tapping in gerbils. In the present study, we demonstrate that foot tapping can also be induced in most, but not 
all, gerbils by footshock and associated cues. MK-869 (0.3-3 mg/kg, i.p.) dose-dependently blocked this foot tapping response. This 
effect was further shown to be due to selective receptor blockade, since (25,35)-c«-3(2-methoxybenzylamino>-2-phenylpiperidine 
(CP-99,994; 3 mg/kg, i.p.) inhibited foot tapping, whereas its less active enantiomer (2/?,3/9-c/s-3(2-methoxybenzylamino)-2-phenyl- 
piperidine (CP-100,263; 3 mg/kg, i.p.) had no effect. Diazepam (1-10 mg/kg, i.p.) also inhibited foot tapping, whereas fluoxetine 
(10-30 mg/kg, i.p.) markedly increased this behaviour. The present data support the view that foot tapping in the gerbil is a behavioural 
response to an aversive stimulus, and is robustly inhibited by two NK , receptor antagonists. The data support a role for tachykinin NK t 
receptor antagonists as novel anxiolytic/antidepressants. ©2001 Elsevier Science B.V. All rights reserved. 

Keywords: Tachykinin NK , receptor antagonist; Foot tapping; (Gerbil); Fear conditioning; Anxiety; Depression 



1. Introduction 

Following the recent publication of Kramer et al. (1998), 
there has been considerable interest in Neurokinin (NK)1 
receptor antagonists as novel treatments for anxiety 
and depression. These workers reported that in a 6- week 
double-blind, placebo-controlled study in patients with 
major. depression, the selective NK, receptor antagonist, 
2-( R)-( 1 -( /0-3,5-Bis(trifluoromethy Dphenylethoxy)^-^)- 
(4-fluoro)phenyl-4-(3-oxo- 1 ,2,4-triazol-5-yl)methylmor- 
pholine (MK-869) (300 mg/day), produced a positive 
outcome as measured by both the Hamilton depression 
(HAM-D21) and anxiety (HAM- A) scales. The effects 
were equivalent to that of the selective serotonergic reup- 
take inhibitor, paroxetine (20 mg/day), and side effects 
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typically associated with this drug class, e.g. nausea, sex- 
ual dysfunction were diminished in the MK-869 group. 
Taken together, the study of Kramer et al. (1998) may 
represent an important advance in the search for novel 
treatments of anxiety and depression (Nutt, 1998). 

In gerbils, a species whose NK, receptor pharmacology 
resembles that of the human (Gitter et al., 1991; Beresford 
et al., 1991), the intracerebroventricular (i.c.v.) administra- 
tion of the NK, agonist, GR73632 (r>Ala [L-Pro9, Met- 
Leul0]-substance P-(7-ll)), produces a characteristic 
rhythmic tapping of the hind feet (Graham et al., 1993). 
This robust and readily quantifiable response is inhibited 
by brain-penetrating antagonists of the NK, receptor 
(Graham et al., 1993; Rupniak and Williams, 1994; Bris- 
tow and Young, 1994). Consequently, NK, agonist-in- 
duced foot tapping in the gerbil has become a valuable in 
vivo assay for the identification of centrally acting 
tachykinin NK, receptor antagonists (Rupniak et al., 1997; 
Hale et al., 1998). Since foot tapping in the gerbil has also 
been reported following electroshock or offset of reward it 
is postulated to be a species specific response to an 
aversive stimulus (Routtenberg and Kramis, 1967). Given 
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the clinical evidence that NK, receptor antagonists may 
have antidepressant/anxiolytic properties (Kramer et al., 

1998) , and the robust nature of foot tapping behaviour 
following NK, agonist administration, we sought to inves- 
tigate ways of non-pharmacologically inducing this be- 
haviour in gerbils. 

In the present study, we have used a Pavlovian fear- 
conditioning procedure. In a variety of species, the pairing 
of specific cues (conditioned stimulus) with an aversive 
stimulus (unconditioned stimulus), typically electroshock, 
subsequently results in the conditioned stimulus inducing a 
variety of fear related behaviours (see LeDoux, 1998; 
Davis, 1999 for reviews). In rodents, this typically in- 
volves freezing or increased startle responses, as well as 
autonomic signs such as defaecation, increased heart rate 
and arterial blood pressure (LeDoux et al., 1988; Davis, 

1999) . Following the establishment of suitable shock pa- 
rameters in gerbils, we studied their behaviour both during 
the conditioning session and also in a retest session, per- 
formed 24 h later where the animals are presented with the 
conditioned stimulus in the absence of the unconditioned 
stimulus. We found that foottapping behaviour could be 
induced in some, but not all, gerbils during both the 
conditioning and retest session. Consequently, we studied 
the effect of the tachykinin NK,^ receptor antagonists 
MK-869 (Hale et al., 1998) and (2S,3S)-m-3(2-methoxy- 
benzylamino)-2-phenyl piperidine (CP-99,994) (McLean et 
al., 1993), as well as a clinically efficacious anxiolytic 
(diazepam) and antidepressant (fluoxetine) against this 
shock-induced foot tapping. Some of this work has been 
published in abstract form (Ballard et al., 1999). 

2. Materials and methods 

2.1. Subjects 

Male and female Mongolian gerbils (Biological Re- 
search Laboratories, Fullinsdorf, Switzerland and Charles 
River, USA), weighing between 40 and 70 g, were used in 
all experiments. Gerbils were housed four per cage with 
food and water available ad libitum, in temperature and 
humidity-controlled holding rooms. The animals were al- 
lowed 4-7 days to acclimatize to the housing conditions 
prior to testing. All testing was conducted during the light 
phase of the light/dark cycle (lights on: 0600-1800 h). 
Experimentally naive gerbils were used in each study. All 
experiments were carried out under the guidelines issued 
under local Cantonal and Swiss federal law. 

2.2. Shock-induced fool lapping 

The test apparatus consisted of a Perspex chamber 
(14 X 14 X 13 cm [Lx WxH\ Med Associates, USA) 
with a grid floor through which a scrambled electrical 
stimulus could be applied. A cue light was located on one 
wall, and a sonalert system on the ceiling, which was 



capable of delivering a 2900-Hz tone. Two visually dis- 
tinct chambers were used, one of white perspex, the other 
black perspex. In all other aspects, the chambers were 
essentially identical. Gerbils were run in the same chamber 
during both the conditioning and retest session. Also, the 
chamber type was balanced across all treatment groups. 
The delivery of electroshock and the presentation of the 
light and tone conditioned stimulus was controlled by Med 
PC (Med Associates, USA). 

Preliminary experiments suggested that shock levels 
between 1 and 2 mA were required to induce responses 
such as flinch, vocalisation and jump in gerbils. At levels 
below 1 mA, no consistent response to footshock was 
observed. Consequently, an experimental protocol was de- 
signed whereby a 2-min initial familiarisation period was 
followed by 6 X 1 s footshocks delivered at 60-s intervals. 
The onset of each electrical stimulus was preceded by a 
30-s light/tone conditioned stimulus. Three shock intensi- 
ties were tested: 0 mA (n = 11); 1 mA (n =11); 2 mA 
{n = 13). The total duration of the conditioning session 
was 8 min. In a retest session performed 24 h later, the 
animals were reexposed to the conditioning box for a 
3 -min period followed by three presentations of the 30-s 
conditioned stimulus separated by 30-s intervals. Thus, the 
total duration of the retest session was 6 min. At no time 
was footshock delivered during this retest session. The 
time spent on foot tapping and the immobility time (i.e., 
freezing) were recorded at each 30-s time bin, and the 
number of faecal boli were counted at the end of each 
session. Immobility time was operationally defined as total 
immobility of the animal except for respiratory movement. 

In experiments to study the effect of drug treatment on 
shock-induced foot tapping, gerbils were pretreated prior 
to placement into the conditioning box where they were 
subjected to 6 X 1 s electrical stimuli (2 mA) timed at 60-s 
intervals. Each footshock was signalled by presentation of 
a 30-s light/tone cue (conditioned stimulus). MK-869 
(n = 14-26 per group)-treated gerbils were retested 24 h 
later (without drug administration). CP-99,994 (n = 10-12 
per group), diazepam (« = 9—10 per group; n = 4 at 10 
mg/kg) and fluoxetine (n = 10-12 per group) were only 
studied on the conditioning session. To determine whether 
drug treatment altered shock perception, the percentage of 
animals displaying each of the following responses: flinch, 
vocalisation and jump, at least once during the session was 
calculated. 

During the course of these experiments, a small propor- 
tion of gerbils developed seizures on placement into the 
test chamber. These animals were always excluded from 
further study. Differences in group sizes usually reflect this 
adjustment. 

2.3, Tachykinin NKj agonist-induced foot tapping 

Gerbils were anaesthetised by inhalation of isoflurane/ 
oxygen mixture, the scalp was exposed and GR73632 
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(0.3-10.0 pmol/5 ftl) or vehicle (0.1% bovine serum 
albumin) was administered into the lateral ventricles (i.c.v.) 
via a cuffed 25-gauge needle vertically inserted to a depth 
of 4.5 mm below bregma. The incision was closed using a 
clip suture and gerbils were placed into perspex boxes on 
recovery of their righting reflex. Duration of foot tapping 
behaviour over a 5-min period was measured. 

2 A. Drugs and injections 

MK-869, CP-99,994, CP- 100,263 ((2#,3/0-cw-3(2- 
methoxybenzylamino)-2-phenylpiperidine), GR73632, di- 
azepam and fluoxetine were all synthesised within the 



Chemistry department at F. Hoffmann-La Roche (Basel). 
All test substances were dissolved in 0.3% Tween 80 v/v 
0.9% NaCl and administered in an injection volume of 10 
ml/kg intraperitoneally (i.p.) 30 min prior to testing. 
GR73632 was dissolved in 0.1% bovine serum albumin in 
water and frozen (-20°C) in aliquots until use, where it 
was given by direct intracerebro ventricular injection. 

2.5. Statistical analysis 

One-factor Analysis of Variance (ANOVA) followed, 
in significant cases, by Fisher's Least Significant Differ- 
ence test was used to analyse the immobility time and 
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Fig. 1. Characterisation of various behaviors in gerbils during a fear-conditioning procedure and during a retest session performed 24 h later where the 
gerbils were presented with cues previously paired with footshock presentation (see Materials and methods for further details). (A) Temporal distribution of 
foot tapping behaviour recorded at 30-s time bins pver the conditioning and retest session. O = No shock controls, □ = 1 mA intensity, a = 2 mA 
intensity. The shaded area along the jc-axis indicates the conditioned stimulus (light + tone) presentation, the vertical arrows indicate shock presentation 
(unconditioned stimulus). Data collapsed for foot tapping, freezing and defaecation over (B) the conditioning, and (C) the retest session are also shown. 
* P < 0.05, * * P < 0.01 vs. 0 mA vehicle controls. 
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defaecation scores. Since foot tapping was not observed in 
all gerbils, and marked inter-animal differences were found 
in those that did respond, this measure was analysed by 
Kruskal-Wallis test followed by post hoc Mann Whitney 
l/-test. Correlation coefficients comparing: (1) immobility 
time and foot tapping scores in the conditioning and retest 
session; and (2) foot tapping scores in the conditioning and 
retest sessions, were calculated for shocked controls in the 
characterisation of shock-induced foot tapping experiment. 
All statistical analysis was conducted using StatView for 
Windows (Version 5.0.1, SAS Institute). 



3. Results 

3 J. Characterisation of shock-induced foot tapping in 
gerbils 

Following placement in the test chambers, over the 
initial 2-min (unshocked) period, all gerbils showed rea- 
sonable activity with minimal freezing and no foot tapping 
behaviour. However, following the first conditioned stimu- 
lus-shock pairing, there was a marked incidence of foot 
tapping in the 2 mA, but not in the control (no shock) or 1 
mA group. Although in percentage terms, the mean amount 
of time engaged in this behaviour was relatively small 
(6-20%), it was maintained over successive conditioned 
stimulus-shock pairings, reaching significance during the 
fourth and fifth conditioned stimulus presentation (Fig. 

IA) , but by the sixth conditioned stimulus-shock pairing 
the incidence of foot tapping was in decline. During the 
course of this experiment, it was evident that not all gerbils 
within the 2-mA group demonstrated reliable foot tapping 
behaviour — the actual proportion being 85%. Inclusion of 
responders and non-responders yielded an overall score 
collapsed over the entire 8-min session of 34 ± 10 s (range: 
0-97 s; Fig. IB). Immobility time was indistinguishable 
between groups over the initial 2 min, although following 
the first conditioned stimulus-shock pairing its incidence 
increased in both the 1- and 2-mA groups, which were 
similar, although both were significantly different to the 
control (unshocked) group (F(2,32) = 7.6, P < 0.01) (Fig. 

IB) . Although a modest increase in defaecation was 
recorded in the 2-mA group, this narrowly failed to reach 
significance (F(2,32) = 3.2, P = 0.06) (Fig. IB). Compar- 
ison between immobility time and foot tapping scores in 
the 2-mA group yielded a correlation of borderline signifi- 
cance (correlation coefficient —0.56, P = 0.04), suggest- 
ing a trend toward higher immobility scores in gerbils 
having lower foot tapping scores. 

In the retest session, some foot tapping was evident 
during the initial 3-min period in the 2-mA group in which 
no conditioned stimulus presentations were made. This 
was presumably a response to contextual cues associated 
with the foot shock (Phillips and LeDoux, 1992). How- 
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Fig. 2. Correlation between time spent foot tapping in the conditioning 
session compared to time spent foot tapping in the retest session for 
gerbils taken from the 2-mA group in experiment 1. 



ever, the first light/tone conditioned stimulus presentation 
produced a marked foot tapping response following both 1 
and 2 mA footshock, but again not in all gerbils (Fig. 1A). 
There was a significant correlation (correlation coefficient 
+ 0.82, P<0.01) between foot tapping scores recorded 
during the conditioning and retest session (Fig. 2). A main 
effect on immobility time was also found in the retest 
experiment (F(2,32) = 4.1, P < 0.05), although this mea- 
sure was only increased in the 2-mA group (Fig. 1C). A 
comparison between immobility time and time spent foot 
tapping in the 2-mA group again revealed a trend toward 
higher immobility scores in gerbils having lower foot 
tapping scores, however this correlation did not reach 
significance (correlation coefficient —0.51, P = 0.07). 

3.2. Effect of the tachykinin NKj receptor antagonists 
MK-869 and CP-99,994 against shock-induced foot tap- 
ping 

Pretreatment with MK-869 (0.3-3 mg/kg) produced a 
significant reduction in foot tapping (H = 23.3, DF = 4, 
P < 0.01) induced by a 2-mA electrical stimulus (Fig. 3 A). 
In this experiment, no overall main effect on the immobil- 
ity time was found (F(4,89)= 1.5, P = 0.2), despite the 
fact that the time engaged in this behaviour appeared to be 
higher in shocked compared to unshocked controls (Table 
1). An overall main effect of defaecation (^(4,85) = 4.8, 
P<0.01) was recorded, due to the difference between 
shocked and unshocked controls (Table 1). MK-869 did 
not reduce the shock-induced increase in this measure. 
MK-869 did not affect shock perception, since all gerbils 
displayed both vocalisation and flinch response and the 
majority of animals produced a jump response to the shock 
(Table 2). In the retest session (Fig. 3B), gerbils that were 
treated with MK-869 prior to the conditioning session 
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Fig. 3. Effect of MK-869 (n ~ 14-26 per group) on gerbil foot tapping 
(A) induced by a 2-mA electrical stimulus during the conditioning session 
and (B) in response to the conditioned stimulus during the retest session. 
* P < 0.05, * * P < 0.01 vs. 2 mA vehicle controls. 



produced a significant inhibition of the foot tapping re- 
sponse (H = 22.9, df= 4, P < O.OOD. There was no over- 
all main effect on the immobility time (F(4,89) = 2.3, 



Table 2 

Percentage of gerbils displaying flinch, vocalisation or jump in response 
to footshock 



TreAtmpnt 

1 IVOUUVUl 


Dncp (mo /Ico ) 


inc 


V UVallaallUIl 


Jump 


MK-869 


Vehicle (2 mA) 


100 


100 


69 




0.3 


100 


100 


53 




j 


inn 


inn 


sn 




3 


100 


100 


70 


CP-99,994 


Vehicle (2 mA) 


100 


100 


50 




3 


100 


100 


46 




pp. inn ify'x 


i nn 


inn 


(LA 


Diazepam 


Vehicle (2 mA) 


100 


100 


100 




1 


100 


100 


50 




3 


100 


100 


0 




10 


100 


100 


0 


Fluoxetine 


Vehicle (2 mA) 


100 


100 


17 




3 


100 


100 


42 




10 


100 


100 


33 




30 


90 


100 


33 



P=0.07) (Table 1). MK-869 also did not affect the 
shock-induced increase in defaecation (Table 1). 

CP-99,994 (3 mg/kg) similarly reduced shock-induced 
foot tapping (H= 19.7, df=3, P<0.01), while its less 
active enantiomer CP- 100,263 (3 mg/kg) was inactive 



Table 1 



Immobility time and number of faecal boli during conditioning and retest sessions 


Treatment 


Dose (mg/kg) 


Conditioning: 


Conditioning: 


Retest: 


Retest: 






immobile 


no. of 


immobile 


no. of 






time (s) 


faecal boli 


time (s) 


faecal boli 


MK-869 


Vehicle (0 mA) 


23 ±5 


4± r 


30 ±9 


2± l b 




Vehicle (2 mA) 


42 ±5 


7±1 


54 ±8 


6± 1 




0.3 


42 ±9 


7±1 


59 ± 12 


7± 1 




1 


35 ±4 


6± 1 


30 ±4 


6± 1 




3 


45 ±7 


7± 1 


63 rb 12 


5± 1 


CP-99,994 


Vehicle (0 mA) 


39 ± 11 


2±1 


NT 


NT 




Vehicle (2 mA) 


37 ±7 


5±1 








3 


59 ± 15 


5±1 








CP- 100,263 


59 ± 12 


5± 1 






Diazepam 


Vehicle (0 mA) 


28 ± 10 


1 ± l b 


NT 


NT 




Vehicle (2 mA) 


45 ±8 


5± 1 








1 


55 ±7 


5± 1 








3 


205 ± 23 b 


2± l b 








10 


261 ± 18 b 


1 ± l b 






Fluoxetine 


Vehicle (0 mA) 


15 ± ll c 


5± 1 


NT 


NT 




Vehicle (2 mA) 


52 ± 12 


7±1 








3 


29 ± 15 


6±1 








10 


3±3 8 


6±1 








30 


15± ll c 


4±1 







V < 0.01 vs. vehicle (2 mA) group (ANOVA followed by post hoc Fisher's PLSD test). 
b P < 0.001 vs. vehicle (2 mA) group (ANOVA followed by post hoc Fisher's PLSD test). 
C P < 0.05 vs. vehicle (2 mA) group (ANOVA followed by post hoc Fisher's PLSD test). 
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(Fig. 4A). No overall main effect was found on measures 
of immobility time (F(3,39) =1.0, P = 0.4) and defaeca- 
tion (F(3,39) = 2.5, P = 0.07). In this experiment, the 
control (unshocked) baseline immobility time was rela- 
tively high (Table 1). Shock perception was not altered 
following pretreatment with either CP-99,994 or CP- 
100,263. All the gerbils tested had a flinch and vocalisa- 
tion response to the footshock, the jump response was 
more variable but unrelated to drug pretreatment (Table 2). 



3.3. Effect of diazepam and fluoxetine against shock-in- 
duced foot tapping 

Diazepam (1-10 mg/kg) produced a highly robust 
inhibition of shock-induced foot tapping (H = 27. 1, df= 4, 
P < 0.01), with the effect at the 1 mg/kg dose being of 
borderline significance (P = 0.06) and complete inhibition 
at the 3 and 10 mg/kg doses (Fig. 4B). A significant main 
effect was also found for immobility time (F(4,38) = 43.0, 
P<0.01) and defaecation (F(4,38) = 9.3, P < 0.01) in 
this experiment. Although no increase in immobility time 
was observed for the shocked vs. unshocked group, there 
was a highly significant increase in this measure in gerbils 
pretreated with diazepam at the 3 and 10 mg/kg doses, 
which probably reflects a diazepam-induced reduction in 
general activity (Table 1 ). ' The inhibition of foot tapping 
was not due to muscle relaxation since diazepam did not 
significantly affect grip strength (vehicle: 152 ± 23 g (n — 
5); 3 mg/kg: 130 ±7 g (* = 6);10 mg/kg: 106 ± 14 g 
(« = 6); ANOVA F(3,19)=1.6, P = 0.2). Defaecation 
was significantly reduced relative to shocked controls at 



these doses. Diazepam treatment did not alter the vocalisa- 
tion and flinch response to the shock, although at 1 mg/kg 
the jump response was reduced and at 3-10 mg/kg this 
response was absent (Table 2). 

In contrast to diazepam, fluoxetine (10-30 mg/kg) 
actually increased the duration of foot tapping relative to 
shocked controls (Fig. 4C). Indeed, this effect was highly 
significant, with gerbils recording up to 292 s foot tapping 
during the test period (//=30.0, #=4, P< 0.0001). 
Fluoxetine also reduced the immobility time (F(4,50) = 
2.9, P < 0.05), this being likely due to the fact that the 
gerbils under fluoxetine appeared to engage in more active 
behaviours such as foot tapping. In this experiment, there 
was no main effect of defaecation (F(4,50) = 1 .3, P = 0.3). 
Shock perception was unaltered by fluoxetine, since the 
flinch, vocalisation and jump response did not differ from 
the vehicle group (Table 2). 



3.4. Effect of test compounds against tachykinin NKj 
receptor agonist-induced foot tapping 

Intracerebroventricular injection of the NK, agonist, 
GR73632, produced a dose-related incidence .of foot tap- 
ping throughout the 5-min test session. Indeed at the 3 and 
10 pmol doses, the gerbils foot tapped virtually throughout 
the entire observation period (Fig. 5A), having cumulative 
scores of 275 ± 8 and 284 ±4 s at the 3 and 10 pmol 
doses, respectively. This behaviour was dose-dependently 
blocked by pretreatment with the tachykinin NKj receptor 
antagonists MK-869 (0.3-3 mg/kg; Fig. 5B) and CP- 
99,994 (3-10 mg/kg), but not by CP-100,263 (3-10 




Fig. 4. Effect of (A) CP-99,994 and CP-100,263 (« = 10-12 per group); (B) diazepam (n = 9-10 per group; n = 4 at 10 mg/kg); (C) fluoxetine 
(n = 10-12 per group) on gerbil foot tapping induced by a 2-mA electrical stimulus. Note the different jy-axis scales. * P < 0.05, * * P < 0.01 vs. 2 mA 
vehicle controls. 
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Fig. 5. (A) Dose response for GR73632-induced foot tapping in gerbils. 
The 3 pmol/5 jjlI i.c.v. dose was subsequently chosen for antagonist 
studies. Effect of the tachykinin NK, receptor antagonists (B) MK-869, 
and (C) CP-99,994 against GR73632-induced foot tapping. Note that the 
less active isomer CP- 100,263 was only weakly active in this test. (D) 
Effect of diazepam (3 and 10 mg/kg) and fluoxetine (30 mg/kg) against 
GR73632-induced foot tapping (n = 5-9 per group). * P < 0.05, * * P < 
0.01 vs. vehicle pretreated controls. 



mg/kg) (Fig. 5C). Neither diazepam (3-10 mg/kg) nor 
fluoxetine (30 mg/kg) pretreatment affected the foot tap- 
ping response produced by GR73632 (Fig. 5D). 



4. Discussion 

In the present study, we have demonstrated that foot 
tapping may be elicited in gerbils by an aversive stimulus, 
i.e. electroshock, and notably by cues paired with this 
unconditioned stimulus. Such fear-conditioning procedures 
have been used to induce fear in rodents (LeDoux, 1998; 
Davis, 1999), the present data suggests foot tapping may 
be an expression of fear and/or anxiety in the gerbil. 



Evidence for a neurokinin involvement in this behaviour is 
supported by the finding that the tachykinin NK, receptor 
antagonists MK869 and CP-99,994 completely block 
shock-induced foot tapping. Measurement of responsivity 
to footshock during conditioning, suggested that the effect 
of both tachykinin NK, receptor antagonists was not due 
to changes in shock perception. 

There is clinical evidence that tachykinin NK, receptor 
antagonists produce anxiolytic effects (Kramer et al., 1998), 
however in preclinical studies this evidence has been 
limited by the prevalence of tests utilising rats and mice, 
whose NK 1 receptor pharmacology differs to that of the 
human receptor (Gitter et al., 1991; Beresford et al., 1991). 
Nonetheless, the tachykinin NK! receptor antagonist (±)- 
CP-96,345, has been reported to increase the time spent in 
the more aversive light compartment in a mouse light/dark 
test, albeit at sedative doses (Zernig et al., 1992). File 
(1997) also reported anxiolytic activity of the tachykinin 
NK! receptor antagonist, CGP 49823 in a rat social inter- 
action test. Furthermore, NK, receptor activation has been 
shown to induce anxiogenesis in mice, an effect which was 
inhibited by antagonists at this receptor (Texeira et al., 
1996). However, in order to characterise these compounds 
effectively in animal models of anxiety and depression, it 
is preferable to develop tests using animal species with a 
similar NK, receptor pharmacology to human, such as 
gerbils and guinea pigs. 

It was for this reason that we examined the present 
gerbil fear conditioning test. In the initial behavioural 
characterisation, we also identified increased immobility 
time (i.e. freezing behaviour) and defaecation during both 
the conditioning and retest sessions. Indeed immobility 
time appeared to be the most sensitive measure, since it 
was significantly increased in the 1-mA group, whilst foot 
tapping was only evident in the 2-mA group. However, in 
subsequent experiments, shock-induced changes in this 
measure became variable, due perhaps to baseline differ- 
ences seen across studies. Since we attempted no discrimi- 
nation between immobility and freezing, it was opera- 
tionally defined as complete cessation of movement except 
respiratory (e.g., see Phillips and LeDoux, 1992), a more 
detailed ethological approach to scoring this and other fear 
related behaviours may be appropriate (e.g., horizontal tail 
shaking, eye lid closure). Similarly defaecation in subse- 
quent tests gave inconsistent results. Thus, foot tapping 
emerged as the most robust response — it was rarely seen 
in unshocked controls (total 2%), and the incidence was 
reasonably consistent across experiments. 

However, in contrast to the NK, agonist-induced foot 
tapping, only 80-85% of the gerbils actually did foot tap 
following electroshock, and to variable degrees. Hendrie 
and Starkey (1998) have reported that only male gerbils 
displayed foot-tapping behaviour in a social interaction 
test. Yet in the present study, the animals sex did not seem 
to contribute to the variance. The robustness of this re- 
sponse might be improved by pre-selecting gerbils based 
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on their foot tap response to another noxious environmen- 
tal stimulus, however as yet we have not explored this 
approach. In addition, it is possible that housing conditions 
may alter this behavioural response (see Clark and Galef, 
1979; Hendrie and Starkey, 1998). The reasonable correla- 
tion between individual foot tapping scores recorded in the 
conditioning and test sessions, certainly suggest that indi- 
vidual gerbils differ in their propensity to demonstrate this 
behaviour. This positive correlation has also been repli- 
cated in subsequent experiments. In addition, the compari- 
son between freezing and foot tapping scores in the 2-mA 
group indicated a trend toward higher freezing/ immobility 
scores in gerbils having lower foot tapping scores. This 
suggests that these are mutually exclusive behaviours for 
the expression of fear and/or anxiety, i.e. if an animal is 
engaged in an 'active' behaviour such as foot tapping, then 
it is unable to express a 'passive' behaviour such as 
freezing. Foot tapping has also been shown to occur in 
other situations, e.g. mating, indicating that this behaviour 
may not only be an expression of fear, but also of height- • 
ened arousal. However, within the present fear condi- 
tioning procedure gerbils foot tapped in response to the 
various cues predictive of footshock, as well as to the 
footshock itself. This would imply that in the present 
experimental paradigm, foot tapping is a behavioural re- 
sponse to an aversive stimulus, and a likely index of fear 
and/or anxiety. 

Examination of the temporal distribution of foot tapping 
during the conditioning session, revealed that this be- 
haviour was more evident during the conditioned stimulus 
presentation, compared to the intervening time period. 
Interestingly, rather than a gain in intensity with repeated 
shock-conditioned stimulus pairings, by the end of the 
session it was in decline. Whether this reflects a be- 
havioural adaptation or perhaps receptor desensitization 
(NK, receptor internalisation?) is unclear, and may be 
worthy of further study. Indeed, Smith et al. (1999) re- 
ported immunocytochemical evidence for NK, receptor 
endocytosis within the basolateral amygdala following im- 
mobilisation stress in gerbils. Since the amygdala is a 
critical neuroanatomical locus for the formation and stor- 
age of information processes relating to mammalian fear 
conditioning (see LeDoux, 1998; Davis, 1999; Maren, 
1999 for recent reviews), one might predict similar changes 
in this procedure. Indeed, stress-, including shock-induced 
changes in substance P content have been reported in 
diverse regions of the central nervous system (CNS) (Ban- 
non et al., 1986; Brodin et al., 1994; Hahn and Bannon, 
1999). Furthermore, there is evidence for a substance P 
projection pathway from the medial amygdaloid nucleus to 
the medial hypothalamus, which seems to be involved in 
the expression of defensive rage behaviour (Shaik et al., 
1993). 

The selective, brain penetrant NK , receptor antagonists 
MK-869 and CP-99,994, but not its less active enantiomer 
CP- 100,263 (McLean et al., 1993; Tattersall et al., 1993), 



blocked shock-induced foot tapping. This effect occurred 
at doses that produced no signs of ataxia or my ore taxation. 
The doses that blocked shock-induced foot tapping were 
similar to those that blocked the pharmacologically medi- 
ated response. Taken together, these data strongly support 
a role forNKj receptors in the mediation of shock-induced 
foot tapping. Pharmacological dissociations between the 
inhibition of shock and NK, agonist-induced foot tapping 
were seen with diazepam, which failed to reduce the latter 
response. This finding essentially eliminates a sedative 
action of diazepam to account for the antagonism seen in 
the shock-induced model, as the gerbils treated at these 
doses of benzodiazepine were clearly capable of emitting 
this behaviour. Also muscle relaxation was not evident at 
these doses, since grip strength measures were similar 
between diazepam-pretreated gerbils and controls. Since 
the dose of GR73632 (3 pmol/5 fil) was selected to 
produce a near maximal foot tapping response, it may be 
less amenable to attenuation by non-tachykinin recep- 
tor antagonists. We are presently looking at lower doses of 
GR73632 (0.5-1 pmol/5 jxl) to see if various anxio- 
lytic/antidepressant drugs will affect this response. Inter- 
estingly, GR73632-induced vocalisations in guinea-pigs 
are attenuated by some (but not all) drugs belonging to this 
class, e.g. imipramine, fluoxetine, but not diazepam. In 
contrast, vocalisations in guinea-pig pups induced non- 
pharmacologically by maternal separation seem to be reli- 
ably blocked by a wide range of anxiolytics and antide- 
pressant drugs, including diazepam (Kramer et al., 1998; 
Rupniak et al., 2000). 

There was some preliminary evidence for dissociations 
between the effects of diazepam and the tachykinin NK, 
receptor antagonists on shock-induced defaecation. Di- 
azepam robustly inhibited both shock-induced foot tapping 
and defaecation, whereas the tachykinin NK, receptor 
antagonists only blocked the foot tapping response. This 
might suggest that tachykinin NK, receptor antagonists 
only block certain fear-related behaviours, and perhaps not 
somatic signs, however, a tachykinin NK, receptor antago- 
nist has been shown to decrease restraint stress-induced 
defaecation in the rat (Ikeda et al., 1995) and so further 
work is necessary to establish the generality of this result. 
The finding that diazepam increased immobility time was 
a surprise observation and seems contrary to the known 
anxiolytic effects of benzodiazepines. However, we feel 
that this likely reflects a limitation to the present technique 
for scoring this behaviour and does not reflect diazepam- 
induced increased freezing scores. Rather, it may reflect 
that diazepam pretreatment reduced some spontaneous be- 
haviours in this test. Since we attempted no discrimination 
between measuring immobility and freezing, as discussed 
earlier, a more detailed ethological approach to scoring 
gerbil behaviour in this test may be necessary. 

NK, receptors have been proposed to play a role in the 
modulation of nociception, and indeed CP-99,994 has been 
shown to produce an analgesic effect in mice, particularly 
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against the late phase of formalin-induced licking (Seguin 
et al., 1995). Therefore, it is possible that the tachykinin 
NK t receptor antagonists produced an analgesic effect 
such that the gerbils had a reduced perception of the shock. 
However, in all experiments, tachykinin NKj receptor 
antagonist-pretreated gerbils displayed responses to foot- 
shock that were identical to controls. Moreover, CP-99,994 
has been shown to be more effective against prolonged 
noxious chemical stimuli and only at ataxia-producing 
doses does CP-99,994 block the reflexive response to 
mechanical and thermal noxious stimuli (Seguin et al., 
1995). In addition, NKj receptor knockout mice do not 
differ in their acute nociceptive thresholds when compared 
to wild-type mice, which suggests that substance P does 
not mediate acute pain sensation (De Felipe et al, 1998). 

A further potential confound to the interpretation that 
tachykinin NKj receptor antagonists reduce shock-induced 
foot tapping by a reduction of fear/anxiety, is that these 
drugs may impair the learning processes essential to form 
associations between the shock unconditioned stimulus and 
the conditioned stimulus. However, to the best of our 
knowledge there is no evidence to suggest that tachykinin 
NKj receptor antagonists impair learning. For instance, 
NK, knockout mice can form conditioned associations 
between food or an acute cocaine injection and a novel 
environment (Murtra et al., 2000). However, one way to 
empirically test this is to study the effect of tachykinin 
NKj receptor antagonists on foot tapping induced by cue 
reexposure (retest) after conditioning in a drug-free state. 
In the present study, MK869-pretreated gerbils were 
retested 24 h after conditioning and a similar blockade of 
the foot tapping response was recorded. However, this 
drug does have a long duration of action (Hale et al., 
1998), so it is possible that the gerbils were not completely 
drug-free at retest. 

Fluoxetine was found in these studies to actually in- 
crease foot tapping induced by footshock. This may . be 
related to the anxiogenesis frequently reported following 
acute pretreatment with selective serotonin reuptake in- 
hibitors (Van Praag, 1988; Westenberg and Den Boer, 
1988; Bodnoff et al., 1989; Griebel et al., 1995). It would 
be interesting to establish whether this apparent potentia- 
tion remains following chronic fluoxetine treatment, for 
tolerance tends to develop to the acute anxiogenic effects 
of selective serotonin reuptake inhibitors (Bodnoff et al., 
1989; Griebel et al., 1994, 1995). It would also be of value 
to study other anxiogenic compounds on gerbil foot tap- 
ping behaviour. 

In conclusion, the present series of experiments suggest 
a novel approach for looking at NK, receptor antagonists 
on gerbil behaviour. An advantage of this test is that it 
utilises a species whose NK, receptor pharmacology re- 
sembles human. As yet we have only studied the effect of 
drugs on behaviour during the conditioning session — we 
have not systematically studied the effects of tachykinin 
NKj receptor antagonists on the foot tapping produced by 



cue reexposure in the absence of footshock, i.e. the retest 
session. Nonetheless, this preclinical work lends support to 
the proposed anxiolytic/antidepressant potential of this 
drug class. Future clinical studies with the various 
tachykinin NK, receptor antagonists currently in develop- 
ment will determine whether this potential is to be realised. 
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Substance P antagonists: novel agents in 
the treatment of depression 

Spilios V Argyropoulos & David J Nutt 
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Bristol BS8 1TD, UK 

The field of neuropeptides has been expanding very rapidly in recent years. 
Apart from understanding their physiology and elucidating their functional 
role as putative neurotransmitters, research has focused on producing 
drugs that may treat a variety of illnesses in a novel way. Substance P 
antagonists occupy a central role in this area of intensive scientific activity. 
Substance P (SP), an undecapeptide, is abundant both in the periphery and 
in the CNS, where it is usually co-localised with one of the classical 
neurotransmitters, most commonly serotonin (5-HT). A role for SP is 
proposed in the regulation of pain, asthma, psoriasis, inflammatory bowel 
disease and, in the CNS, emesis, migraine, schizophrenia, depression and 
anxiety. A recently published positive study of MK 869, in depression, a 
novel SP antagonist has generated excitement amongst psychopharmacolo- 
gists. It is the first time that a drug, not directly related to monoamine 
transmitters, has showed efficacy in depression. Although MK 869 has been 
suspended from further development, a host of other compounds, with 
similar action and better pharmacological profile, are currently under 
development. In this review, the pharmacology of central SP and its 
receptors are discussed, together with the exploration of the prospects and 
implications for future treatments of depression. 

Keywords: depression, MK 869, NK\ antagonists, substance P 
Exp. Opin. Invest. Drugs (2000) 9(8): 187 1-1875 



l. Introduction 

The field of neuropeptides has been progressing rapidly in recent years. 
New techniques, such as in situ hybridisation and antisense probes, have 
facilitated the study of known neuropeptides and the discovery of new 
ones. A number of neuropeptide receptors have been fully or partially 
characterised, while the development of specific receptor ligands (agonists 
and antagonists) helps to elucidate their functional role. Most research so 
far has been conducted in animals, but human data, including the testing of 
experimental drugs for specific indications, have started to accumulate. 
Despite the progress in knowledge and the development of exciting 
hypotheses, no major breakthrough in the neuropeptide clinical psycho- 
pharmacology has taken place. However, as of last year, the picture is 
changing. Very promising results from studies assessing the antidepressant 
potential of substance P (SP) antagonists have been published |1). 

SP, an undecapeptide (Table 1), is widely distributed in the CNS and it 
appears to be virtually always co-localised with at least one of the classic 
neurotransmitters, usually serotonin (5-HT). This led to some interesting 
hypotheses about its role in these nerve cells. Neurones, affected by the 
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Table 1 : Substance P and mammalian tachykinins- 
Tachykinin Sequence 

Substance P Arg-Pro-Lys-Pro-Gln-Gln-Phe-Phe-Gly-Leu 
-Met~NH 2 

Neurokinin A His-Lys-Thr-Asp-Ser-Phe-Val-Gly-Leu-Met 
-NH 2 

Neurokinin B Asp-Met-His-Asp-Phe-Phe-Val-Gly-Leu 

-Met-NH-2 

information they receive, may release a cocktail 
instead of a single transmitter, depending on differen- 
tial patterns of afferent firing. In turn, this allows for a 
broad spectrum of potential actions and differential 
temporal signalling, faster or slower. In general, 
neuropeptides, in particular SP, are produced in the 
ribosomes. Once released, they are replaced by new 
synthesis, with little or no re-uptake at synaptic level. 
Their release follows a small elevation in the Ca 2+ 
concentration in the cytoplasm, while biogenic amine 
transmitters are released after higher elevations of 
Ca 2+ in the synapses [2]. 

Depression is one of the areas of psychopathology in 
which an important functional role for SP is proposed 
and research for potential antidepressant compounds 
has been under way for some years. Ideally, in order 
to prove useful in clinical practice, the SP receptor 
ligands should be potent and able to cross the blood- 
brain barrier, have good oral bioavailability and a 
reasonably long duration of action. This review will 
focus on the human research carried out using SP 
antagonists in depressive illness, as well as theoretical 
prospects and avenues for future research. Full review 
of the animal literature in this area is beyond the scope 
of this paper. However, some basic findings will be 
presented and the reader will be directed to relevant 
sources covering this topic. 

2. Substance P 



2.1 Distribution in the CNS 

Von Euler and Gaddum discovered SP in 1931. It is the 
most abundant of the neurokinin (tachykinin) group 
of peptides, which are defined by the common 
C-terminal amino acid sequence Phe-X-Gly-Leu- 
Met-NH2 (Table 1). This group also includes 
neurokinin A and neurokinin B [3,4). SP is a major 
transmitter of small, unmyelinated, primary afferent 
nerves of the substantia gelatinosa of the spinal cord 
and the spinal tract of the trigeminal nerve, where it 
exerts a primary role in pain transmission. Stimulation 



of SP fibres produces burning pain. In the CNS, SP 
neurones are present in the tegmental nuclei of the 
medulla, the central nucleus of amygdala and. 
notably, in the spiny neurones of the striatum that 
project to the medial segment of the globus pallidus 
and the substantia nigra pars reticulata. Fewer SP 
neurones are present in the dentate gyrus of 
hippocampus. Some neurones are also present in 
layers 5 and 6 of the cortex, where they seem to 
project to the upper layers [5]. 

2.2 Substance P receptors 

The three recognised neurokinin receptors are 
coupled with G-proteins and they are named NKj, 
NK2 and NK3, respectively. Of these, NKj is the 
preferred receptor for SP, while neurokinin A has the 
highest affinity for NK2 and neurokinin B for NK3 
receptors. Despite earlier thoughts about cross linking 
between the various tachykinins and their receptors, it 
has now become obvious that these transmitters are 
very selective. Therefore, SP should be considered as 
the only natural ligand of NKj receptor [4]. 

A variety of methods have been used to study the 
distribution of NK\ in the brain, including autoradiog- 
raphy, immunohistochemistry and mRNA encoding of 
the receptor. This receptor is widely distributed both 
in the periphery, mainly the dorsal horn of the spinal 
cord and the CNS. NKi receptors are widespread in 
the striatum, the nucleus accumbens, the 
hypothalamus, the amygdala, the hippocampus, the 
periaqueductal grey matter, the nucleus of the solitary 
tract and the raphe nuclei [4-6]. Similar to other 
neuropeptides, there is considerable divergence 
between the location of these peptides and their 
receptors [5]. Thus, areas rich in SP immunoreactive 
nerve endings have an apparent lack of NKj 
receptors, an example being the substantia nigra. The 
opposite also occurs. Areas rich in NKj receptors, 
such as the dentate gyrus, are not apparently 
innervated by SP-containing neurones [4). The reason 
for this discrepancy is not yet clear, although it may be 
due to lack of appropriate technology that could 
identify 'missing' neurones or their receptors. 

2.3 Early development of substance P 
antagonists and possible indications 

NKi and SP antagonists have been investigated 
unsuccessfully for many years, as potential agents in 
pain relief. Poor bioavailability, low potency, low 
selectivity and neurotoxicity were common problems 
with early antagonists resembling SP itself. Early 
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Table 2: Chemical structure classes of non-peptide 
substance P antagonists. 

Steroids j 

Perhydroisoindolones 

Benzylamino & benzylether quinuclidine 

Benzylamino pipcndiries 

Ben/ylether piperidines 

Other piperidine-based structures , 

Tryptophan-based antagonists 

attempts for non-peptide antagonists were hampered 
by the species specificity of the primary sequence of 
the NK[ receptor, which influenced the potency of the 
studied compounds [4]. This species difference is 
particularly important with respect to the rat and 
human receptors. Therefore, appropriate models had 
to be developed for species other than rats, such as 
gerbils and guinea-pigs, with NKi receptors closer to 
the human sequence. The development of smaller 
molecule antagonists in recent years, gave new 
impetus in this area of research. It has been suggested 
that, apart from pain, the NKj antagonists may have a 
role to play in a number of conditions. This applies 
both to the periphery (inflammatory bowel disease, 
cystitis, psoriasis, asthma), and the CNS (emesis, 
migraine, schizophrenia, movement disorders, 
Alzheimer's, Parkinson's, multiple sclerosis, depres- 
sion, and anxiety) [3,7-9]. 



3. Chemical classification of non-peptide 
substance P antagonists 



Since the early 1990s, when the first SP non-peptide 
antagonists were reported [10,1 1], the field has seen a 
proliferation of new compounds [7,12-15]. These 
drugs belong to a number of different classes: 
steroids, perhydroisoindolones, benzylamino and 
benzylether quinuclidine, benzylamino piperidines, 
benzylether piperidines, other piperidine-based 
structures and tryptophan based antagonists (Table 
2). These classes have been extensively described by 
Quartara and Maggi [12]. The reader is referred to this 
excellent review for a thorough description of the 
evolution of each subgroup and their respective 
pharmacological properties. We were able to identify 
only two compounds that progressed to Phase II trials 
in depression (Table 3). 



Table 3: NK; antagonists in development for depression. 



Chemical 
name 


Phase 


Country 


Originator 


MFC 869 


JJ 


USA 


Merck 




(suspended) 






NKP608 


II 


USA 


Novartis 



3.1 MK 869 



MK 869, also known as L 754,030, was the first SP 
antagonist to enter clinical trials for depression. The 
chemical structure of the compound is 
{5-(2(A).(l^-(3.5-^is(trifluoromethyl)phenyl)ethoxy) 
-3(5)-(4-fluorophenyl) morpholin-4-ylmethyl) 
3,4-dihydro-2H-l,2,4-triazol-3-one [7]. This agent is 
specific for the human NKj receptor, showing no 
affinity for monoamine oxidases, noradrenaline, 
serotonin or dopamine re-uptake sites, or receptors 
and transporters of opiates (1). Despite early positive 
results (see section 4.3), the development of this drug 
for depression has been suspended, while Phase II 
clinical trials for anxiety disorders and schizophrenia 
continue. This compound has also been tested for 
migraine and emesis [16]. 

3.2 NKP 608 

Little is in the public domain about this compound, 
other that it is currently in Phase II trials for depression 
and social phobia, as well as chronic bronchitis. 

4. Substance P antagonists in depression 

4.1 Preclinical evidence and theoretical concepts 

SP is released in the CNS after noxious stimulation. 
Following this finding, it was hypothesised that 
inherent hyperactivity of SP release may also account 
for the emotional pain' described by depressed and 
anxious patients. The presence of SP in areas associ- 
ated with anxiety, such as the amygdala, the 
hippocampus, the hypothalamus, and the periaque- 
ductal grey matter, as well as the co-localisation with 
serotonin in raphe nuclei (see section 4.3), strength- 
ened the view of involvement of this neuropeptide in 
affective disorders. Activation of central SP pathways, 
by means of injecting SP agonists, generates an array 
of behavioural changes in animals, similar to the ones 
seen in anxiety and depression animal models. There 
is also evidence that antidepressants and anxiolytics 
cause downregulation of SP. There is very little 
evidence in humans regarding the above. In one 
study, CSF levels of SP were found increased in 
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depressed patients, but the results were equivocal and 
they have not been replicated [7 J 7]. 

4.2 Evidence from experimental drugs in 
humans 

The limited human data of SP receptor ligands created 
excitement when they were published [1,3,18], since 
the results potentially signified a major breakthrough 
in the human neuropeptide psycho pharmacology and 
the development of the first antidepressant drug not 
related to monoamine function. MK 869 (see section 
3.1) was tested in the treatment of moderate to severe 
depression, in a proof-of-concept study. In four sites, 
the experimental drug was used at a single dose of 300 
mg daily and its effect was comparable with that of a 
moderate clinical dose (20 mg/day) of paroxetine, a 
selective serotonin re-uptake inhibitor and signifi- 
cantly better than placebo. The drug was safe and 
well-tolerated, with notable absence of sexual 
dysfunction in the MK 869 group [1,7]. Fewer patients 
on MK 869 or placebo discontinued due to side effects 
(3 and 4% respectively) compared with paroxetine 
(19%). This antidepressant effect appeared to be 
independent of any augmentation of serotonin or 
noradrenaline function, but the fact that the efficacy of 
MK 869, as in other antidepressants, was expressed 
two to three weeks following the onset of treatment, 
suggested the possibility of a final common pathway 
for the action of antidepressants [3,18]. What was also 
of great interest was that MK 869 appeared to treat 
co-morbid anxiety very effectively [1,18]. 

Unfortunately, subsequent studies were plagued by 
high placebo response and a decision was taken to 
suspend the development of the drug for the indica- 
tion of depression and continue with studies in 
anxiety [19]. Poor oral bioavailability also meant that 
higher doses would be needed, to the detriment of the 
side effect profile. A follow-up compound, which is 
said to be more potent, is in the pipeline. 

4.3 Mechanism of action of substance P 
antagonists in depression 

It appears that the putative antidepressant action of SP 
antagonists in depression is exerted through interac- 
tion with the 5-HT systems of the brain. This is 
supported mainly from animal studies, but important 
human data are gradually emerging. Serotonin 
interacts extensively with SP. As mentioned earlier, 
studies have shown that serotonin and SP are 
co-localised in a substantial part of the raphe . 
neurones in the human brain [20]. Almost 50% of the 



serotonin neurones in the dorsal raphe, which send 
widespread projections to the forebrain and 25% of 
5-HT neurones in the median raphe nucleus, express 
SP mRNA [21]. 

However, it is possible that the antidepressant effect 
of SP antagonists may be due to other mechanisms, 
such as interaction with the serotonin systems in areas 
other than the raphe nuclei. Local SP neurones in 
limbic areas may play an important role in this action 
[21]. Further, other neurotransmitter systems may be 
involved. There is animal evidence that SP may be 
involved in the activation of the noradrenergic system 
of locus coeruleus, following stress. Intracerebral 
infusion of SP antagonists inhibited the activation of 
the locus coeruleus caused by immobilisation in rats 
[7]. The relationship of dopamine and depression has 
long been the focus of attention [22]. In the striatum, 
animal data suggest that, although the principal input 
of the SP/dynorphin neurones projecting to substantia 
nigra is GABA, these neurones are also under regula- 
tion by dopamine [2]. What this illustrates is, simply, 
the complexity of the regulation of the chemical 
neurotransmission that is thought to play a key role in 
depression. 



5. Expert opinion 

Depression is one of the major health problems in the 
world [23] . Despite their undoubted effectiveness, 
none of the current treatments shows efficacy of more 
than 70%. Therefore, there is a need for alternative 
pharmacological approaches that will help to improve 
this outcome. The link of SP and depression was 
rather serendipitous to begin with, like most of the 
important discoveries in psych opharmacplogy. The 
study of SP antagonists in depression has been a very 
active area of research in recent years. Although little 
has been achieved so far in terms of producing 
definite effective treatments, there have been consid- 
erable advances in our knowledge and exciting new 
agents are under development. Some of the problems 
of previous compounds, such as poor bioavailability, 
are now probably solved, and the future looks 
promising [18], 

The way forward probably stems from a thorough 
understanding of the relationship between SP and 
classical neurotransmitters in general and in specific 
areas of the brain implicated in the psychopathology 
of depression. Perhaps the most important contribu- 
tion of the neuropeptide study, so far, has been to 
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dispel the simplistic idea that one single transmitter 
may be responsible for as wide a phenomenon as 
depression. The idea that each transmitter can modify 
the response of neurones to its co-transmitters is 
gaining popularity [24], but it opens a seemingly 
infinite repertoire of combinations, which may look 
bewildering. The clarification of these complex inter- 
relationships, though, may shed some light to the 
pathophysiology of depression and lead to more 
effectively designed treatments. 
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Abstract Increasing evidence suggests that substance P (SP) and its receptor (neurokinin 

[NK]-1 receptor [NKIR]) might play an important role in the modulation of 
stress-related, affective and/or anxious behaviour. First, SP and NKIR are 
expressed in brain regions that are involved in stress, fear and affective response 
(e.g. amygdala, hippocampus, hypothalamus and frontal cortex). Second, the SP 
content in these areas changes upon application of stressful stimuli. Third, the 
central administration of SP produces a range of fear-related behaviours. In 
addition, the SP/NK1R system shows significant spatial overlap with neurotrans- 
mitters such as serotonin and noradrenaline (norepinephrine), which are known to 
be involved in the regulation of stress, mood and anxiety. Therefore, it was 
hypothesised that blockade of the NKIR might have anxiolytic as well as 
antidepressant effects. 

Preclinical studies investigating the effects of genetic or pharmacological 
NKIR inactivation on animal behaviour in assays relevant to depression and 
anxiety revealed that the behavioural changes resemble those seen with reference 
antidepressant or anxiolytic drugs. Furthermore, antagonism or genetic inactiva- 
tion of the NKIR causes alterations in serotonin and norepinephrine neuronal 
transmission that are likely to contribute to the antidepressant/anxiolytic activity 
* of NK1 R antagonists but that are - at least partially - distinct from those produced 

by established antidepressant drugs. This underlines the conceivable unique 
mechanism of action of this new class of compounds. In three independent clinical 
trials with three different compounds (aprepitant [MK-869], L-759274 and 
CP- 122721), an antidepressant effect of NKIR antagonists could be demonstrat- 
ed. These results, however, have been challenged by recent failed studies with 
aprepitant. 

There are numerous indications from preclinical studies that, in addition to SP 
and NKIR, other neurokinins and/or neurokinin receptors might also be involved 
in the modulation of stress-related behaviour and that exclusive blockade of the 
NKIR might not be sufficient to produce consistent anxiolytic and antidepressant 
effects. One such candidate is the neurokinin-2 receptor (NK2R), and clinical 
trials to assess the antidepressant effects of NK2R antagonists are currently 
underway. Of special interest might also be substances that block more than one 
receptor type such as NK1/2R antagonists or NK1/2/3R antagonists. These 



276 



Herpfer & Lieb 



compounds may be more efficacious in antagonising the effects of SP than 
compounds that only block the NK1R. 



1 . Current Challenges in the Treatment 
of Depression and Anxiety 

Depression and anxiety are not only the most 
common psychiatric disorders, they are also one of 
the leading causes of disability in general (measured 
by the number of years lived with a disabling condi- 
tion), worldwide. 111 Drugs that are currently availa- 
ble for the pharmacotherapy of depression include 
SSRIs, serotonin and . noradrenaline (nore- 
pinephrine) reuptake inhibitors (SNRIs), tri- and 
tetracyclic antidepressants (TCAs) and MAOIs. 
Principally, they all act via noradrenergic or ser- 
otonergic neurotransmitter systems in the CNS. Al- 
though clearly effective, all of these drugs show 
substantial drawbacks: it can take up to 3-4 weeks to 
produce a significant improvement in symptoms; 
30% of patients do not respond at all; an even higher 
percentage show only partial response; and a variety 
of adverse effects lead to non-compliance. With 
regard to the pharmacotherapy of anxiety disorders, 
benzodiazepines, with their fast onset of action and 
high efficacy, may be suitable for acute treatment. 
Their addictive potential and other adverse effects 
such as sedation and cognitive impairment, howev- 
er, limit their suitability as long-term medication. 
For the long-term pharmacotherapy of anxiety dis- 
orders, antidepressants are currently used most com- 
monly but, again, not without the above-mentioned 
drawbacks. 

In order to achieve not only higher response and 
remission rates, but also a more reliable relapse 
prevention, there still exists the need for drugs (or 
drug combinations) with improved short-term effi- 
cacy plus a better long-term tolerability, both of 
which ensure more compliance. These are three 
important requirements for successful pharma- 
cotherapy of chronic conditions such as depression 
and anxiety disorders. Therefore, active investiga- 
tions continue in the search for antidepressant and/or 
anxiolytic agents with novel mechanisms of action. 
Currently, great hopes are placed on neuropep- 
tidergic systems, one of them being the extensively 



studied substance P (SP)/neurokinin (NK)-l recep- 
tor (NK1R) pathway.^ 

2. Overview of Pharmacology of 
Substance P (SP) and the Neurokinin- 1 
Receptor (NK1R) 

The neuropeptide SP (discovered by Von Euler 
and Gaddum l3] in 1931) consists of 11 amino 
acids. l4J Together with neurokinin A (NKA), 
neurokinin B (NKB) and the recently identified 
haemokinin-1 (HK-1), [5 ' 6] SP belongs to the family 
of mammalian neurokinin (formerly tachykinin) 
peptides that are defined by their common carboxy- 
terminal sequence Phe-X-Gly-Leu-MetNH2 (table 
I). SP can be synthesised from four alternatively 
spliced forms of the tachykinin precursor 1 (TAC1) 
gene, (7 9J with the p- and y-splice variants also con- 
taining the coding sequence for NKA. NKB is 
formed from a separate gene, tachykinin 3 
(TAC3l m and HK-1 is formed from tachykinin 4 
(TAC4) [U] (in the mouse, the gene coding for NKB 
is TAC2). In contrast to classic neurotransmitters, 
which are synthesised locally in the nerve terminals 
and which, upon release, can be recycled easily by 
specific membrane reuptake mechanisms, peptides 
can only be restored via time-consuming ribosomal 

Table I. Amino acid sequence of substance P (SP), mouse/rat 
haemokinin-1 (m/rHK-1), human haemokinin-1 (hHK-1), neurokinin 
A (NKA) and neurokinin B (NKB) 

Neurokinin Sequence Preferred 



receptor 



SP 


Arg-Pro-Lys-Pro-Gln-Gln-Phe-Phe-Gly- 
Leu-MetNH2 


NK1R 


hHK-1 


Thr-Gly-Lys-Ala-Ser-Gln-Phe-Phe-Gly- 
Leu-MetNH2 


NK1R 


m/rHK-1 


Arg-Ser-Arg-Thr-Arg-Gln-Phe-Tyr-Gly- 
Leu-MetNH2 


NK1R 


NKA 


His-Lys-Thr-Asp-Ser-Phe-Val-Gly-Leu- 
MetNH2 


NK2R 


NKB 


Asp-Met-His-Asp-Phe-Phe-Val-Gly-Leu- 
MetNH2 


NK3R 



NK1R = neurokinin-1 receptor; NK2R = neurokinin-2 receptor; 
NK3R = neurokinin-3 receptor. 
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de novo synthesis in the cell body and dendrites and 
subsequent transport to their release sites. 1121 

SP, which is stored in Marge dense core' vesicles 
and which was shown to localise to synaptic vesi- 
cles, 113,141 is released by Ca 2+ -dependent exocytosis. 
Since the release of peptides only requires small 
elevations in the Ca 2+ concentration, SP might be 
released not only into the synaptic cleft, but proba- 
bly also extrasynaptically. 115,161 

The neurokinins exert their effects by binding to 
the G-protein-coupled neurokinin receptors. So far, 
three mammalian neurokinin receptors have been 
identified, each with a preferred ligand. SP and HK- 
1 bind preferentially to the NK1R, whereas NKA 
and NKB show preference for the NK2 and NK3 
receptors (NK2R and NK3R), respectively (table 
I). 16,171 However, each neurokinin possesses agonist 
properties at all three receptor types. Like all G- 
protein-coupled receptors, the NK1R contains seven 
transmembrane helical segments and activates sec- 
ond-messenger systems (e.g. phosphatidyl inositol, 
arachidonic acid and cyclic adenosine monophos- 
phate [cyclic AMP]) via G-proteins. Species-depen- 
dent variations exist in the amino acid sequence of 
the NK1R protein. Remarkably, these variations do 
not affect the potency or efficacy of SP. However, 
they determine the species-related differences in the 
potency of nonpeptide antagonists, which have dif- 
ferent binding sites compared with the agonists. 1181 

The NK1R is distributed in the plasma membrane 
of cell bodies and dendrites of unstimulated neu- 
rons, but upon SP binding and signal transduction, 
the SP/NK1R complex undergoes rapid endosomal 
internal isation. SP is then degraded, whereas the 
NK1R recycles back to the cell surface. 119 ' 201 In 
functional studies, this receptor internalisation can 
be used as a marker for SP release. 121 " 231 Several 
proteolytic enzymes have been found to be capable 
of rapidly degrading SP, including neutral endopep- 
tidase 24.11, metalloendopeptidase, dipeptidyl-pep- 
tidase IV, acetylcholinesterase and angiotensin-con- 
verting enzyme. [24 - 25] 

SP-containing cell bodies and nerve fibres are 
vastly present in the peripheral nervous system 
(PNS) as well as in the CNS. In the human CNS, SP 
can be found, for example, in the cerebral cortex, the 
striatum, the amygdala, the mammillary bodies, the 
hippocampus, the septum and nucleus accumbens, 



the hypothalamus, the periaqueductal grey, the sub- 
stantia nigra, the raphe nuclei, the locus coeruleus, 
the nucleus tractus solitarii and the spinal cord. 126 " 291 
Like all neuropeptides, SP is usually co-localised 
with classic neurotransmitters (and sometimes other 
neuropeptides) and thus functions as a so-called 'co- 
transmitter'. That means that, upon neuronal stimu- 
lation, SP is released in concert with the co-localised 
neurotransmitter and may modulate the transmitter's 
effects. 1301 Examples are co-localisation with gluta- 
mate in primary sensory neurons, 131,321 with cortico- 
tropin-releasing factor in the hypothalamus, with 
acetylcholine and GABA in the cortex, with 
dopamine in the midbrain and striatum, and with 
serotonin in the raphe nucleus. 133 - 341 To our knowl- 
edge, so far, no study has shown a co-localisation of 
SP with norepinephrine in any part of the nervous 
system. 

NKIRs are spread abundantly in the CNS, in 
many cases overlapping with the distribution of 
SP t35j j n conu - as t t 0 me receptors for classic neuro- 
transmitters, which are expressed by almost all neu- 
rons in a given CNS region, NKIRs are expressed 
by only 5-7% of neurons. 1361 In the human CNS, 
high NK1R densities are found particularly in the 
spinal cord, the striatum, the nucleus accumbens, the 
amygdalo-hippocampal area and the septum. How- 
ever, brain regions such as the cerebral cortex, the 
hypothalamus, the periaqueductal grey, the locus 
coeruleus, the raphe nuclei and other brainstem 
structures also contain substantial NK1R densi- 
ties. 137 " 391 Investigating the prefrontal and visual cor- 
tex with an immunohistochemical assay, Tooney et 
al. t401 showed that NKIRs are only located in the 
superficial laminae (I-III), but not in the deeper 
cortical layers. In the rat locus coeruleus, the majori- 
ty of noradrenergic neurons carry NKIRs, 1411 where- 
as, in the raphe nuclei, NKIRs are not found on 
serotonergic neurons, but on GABAergic and gluta- 
matergic neurons. 142,431 

The physiological role of SP has not been fully 
clarified yet. It seems to be involved in many physi- 
ological and pathophysiological mechanisms. The 
fact that neurokinins can produce a fast, smooth 
muscle contraction initially gave them the name 
'tachykinins' (in contrast to 'bradykinins'). In the 
PNS, neurokinin receptors are, for example, ex- 
pressed by intrinsic enteric neurons, extrinsic prima- 
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ry afferent nerve fibres, smooth muscle cells and 
cells of the vascular and the immune system. 144-461 
Thus, they enable SP to induce vasodilation and 
plasma protein extravasation in response to noxious 
or inflammatory stimuli and to influence electrolyte 
and fluid secretion of the gut and of other glandular 
systems (e.g. salivary or pancreatic). In addition, SP 
modulates the motility of the gastrointestinal and the 
genitourinary tract and stimulates the ventilatory 
response to hypoxia. In the spinal cord, SP plays a 
role in nociception and sensitisation 'wind-up' phe- 
nomena, in which input signals to the dorsal horn are 
being amplified and prolonged. 147 J Also, spinal 
NKIRs modulate autonomic reflexes such as mictu- 
rition. In the brain - as this article will review in 
further detail - SP/NK1R has been suggested to play 
an important role in the control of various 
behavioural responses such as stress response and 
affective and anxiety-like behaviour. At the brain- 
stem level, NKIRs are involved in the regulation of 
autonomic reflexes such as emesis and cardiovascu- 
lar and respiratory function (central administration 
of an NK1R agonist increases blood pressure and 
heart and respiratory rate); 1481 

In addition to these direct transmitter-like func- 
tions and modulatory effects on the actions of neuro- 
transmitters, SP also exerts trophic effects such as 
stimulating the growth of fibroblasts, smooth mus- 
cle cells and axons. 149 " 511 

3. The Role of SP and the NK1R in the 
Etiopathology of Psychiatric Disorders 

On the basis of its anatomical distribution, its 
neuromodulatory effects, its involvement in 
neurogenic inflammation 152 541 and results from 
functional studies, SP has been proposed to be in- 
volved in the etiopathology of a wide variety of 
pathophysiological conditions. Examples include 
pain syndromes (e.g. arthritis, peripheral neuropa- 
thy, migraine and fibromyalgia), asthma, psoriasis, 
allergic skin reactions, inflammatory bowel disease, 
cystitis, incontinence and emesis. Moreover, it has 
been suggested that SP is important in the etio- 
pathology of psychiatric disorders including 
neurodegenerative disorders, [55) affective disorders, 
anxiety disorders and schizophrenia. 148 ' 56 " 581 

This review focuses on the role of SP in the 
pathogenesis of affective and anxiety disorders. 



3.1 Evidence from Preclinical Studies 

3. 1. 7 Effects of Acute or Chronic Stressors on SP 
andtheNKIR 

The localisation of the SP/NK1R system in brain 
regions involved in the regulation of affective 
behaviours and the neurochemical response to 
stress, together with the significant spatial overlap 
with serotonergic and noradrenergic pathways, indi- 
cates that the SP/NK1R pathway may be involved in 
the modulation of affective behaviours. In fact, nu- 
merous alterations in SP synthesis/release and 
NK1R activation can be observed following expo- 
sure of laboratory animals to acute or chronic stres- 
sors. Table II summarises the effects of various 
stressful events on SP tissue levels or SP immu- 
noreactivity in distinct brain areas in the rat. All 
listed CNS regions play an important role in motiva- 
tional and reward mechanisms as well as in the fear 
response and, as such, might be of potential rele- 
vance to affective and anxiety disorders. At first 
sight, the changes in SP content seem to be rather 
inconsistent. However, considering that bursts of 
synaptic SP release may be followed by acute SP 
depletion due to internalisation, immediate pepti- 
dase activity and delayed ribosomal SP de novo 
synthesis (see section 2), it becomes understandable 
that the patterns of SP content are very sensitive to 
the timing and the precise nature of the stressor. 

In addition, immobilisation leads to NK1R in- 
ternalisation in the amygdala of rats [23J and ger- 
bils, 1211 which reflects previous SP binding and re- 
ceptor activation. Comparable results have been 
found in guinea-pig pups upon maternal separa- 
tion. 1221 Moreover, it has been shown that the degree 
of SP release and NK1R internalisation is propor- 
tional to the intensity and frequency of a noxious or 
stressful/aversive stimulus, which Allen et al., l67J for 
example, demonstrated for thermal stimuli. 

In addition, by applying mild electric foot 
shocks, Vaupel et al. 1681 discovered that stressful 
stimuli cause not only the above-mentioned altera- 
tions in central SP levels, but also a marked increase 
in adrenal SP release. 

Although measuring SP tissue content and recep- 
tor internalisation seem to be rather crude methods 
of assessing the activity of neuropeptidergic circuits, 
the above-described results taken together are sug- 
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Table II. Effects of acute or chronic stressors on substance P (SP) tissue levels or SP immunoreactivity in different CNS regions in the rat 


Stressor 


Investigated CNS area 


SP content 


References 


Intermittent foot shock 


VTA, olfactory tubercle, hypothalamic nuclei 


i 


59-62 




Septum, hippocampus 


T 




Whole body vibration 


Frontal cortex 


i 


63 




Nucleus accumbens, amygdala 


t 




Immobilisation (1 hour) 


Septum, striatum, hippocampus 


i 


23 


Isolation (1 day or 1 week) 


Dorsal periaqueductal grey 


(t) 


64 




Hippocampus, amygdala 


<-> 




Saline injection 


Periaqueductal grey 


T 


65 




Nucleus accumbens 


i 




Adjuvant-induction of arthritis 


Median eminence/arcuate nucleus, and paraventricular nucleus of 


t 


66 


(14 days) 


the hypothalamus 







VTA = ventral tegmental area; (T) = modest increase, T = increase, i = decrease, <-> = unchanged. 



gestive of an activation of SP-related pathways by 
stressful events. This conclusion is further supported 
by a very recent study by Ebner et al., [69] who used in 
vivo micropush-pull superfusion and microdialysis 
techniques to assess directly the dynamics of local 
SP release in rats. They demonstrated, for the first 
time, emotional stress-induced SP release in the 
medial amygdala, which seems considerably more 
pronounced and prolonged after a severe emotional 
stressor (immobilisation for 20 minutes) than in 
response to a rather mild stressor (elevated platform 
exposure). 

3. 1.2 Behavioural Responses of Laboratory 
Animals After Administration of SP (or SP-Like 
Compounds) and After Genetic Deletion ofSP 

Results of numerous studies suggest that 
neurokinin receptor activation can exert multiple 
behavioural effects depending on the specific brain 
regions involved. In several CNS regions, it may 
produce aversion and/or anxiety-like states, as sum- 
marised in table EL 

In some other CNS areas, however, neurokinin 
receptor activation may lead to rather opposite ef- 
fects. For example, microinjections of SP into the rat 
nucleus basalis magnocellularis produces place 
preference 183 ' 84 ! and anxiolytic effects in the elevated 
plus-maze, as well as the social interaction test. l85J 

Bilkei-Gorzo et al. [86) studied mice with a 
targeted deletion of the TAC1 gene (i.e. mice that do 
not synthesise any SP or NKA) in behavioural mod- 
els relevant to depression and anxiety disorders. In 
all tests (forced swim test, tail suspension test, nov- 
elty suppressed feeding, open-field arena, social in- 



teraction test, elevated zero-maze), the TAC1 mutant 
mice were more active and showed less anxiety-like 
behaviour when compared with their wildtype coun- 
terparts. 

In summary, these results strongly support the 
idea that the SP/NK1R system might play an impor- 
tant role in the etiopathology of affective and anxie- 
ty disorders. 

3. 1.3 Effects of Antidepressants on SP and 
the NK1R 

The application of various established an- 
tidepressants for 14 days did not lead to any altera- 
tions in SP concentrations in the investigated rat 
brain areas, l87 ~ 90J except for a reduced SP tissue level 
in the frontal cortex after 14 days of imipramine. 1903 
In contrast, Shirayama et al. [911 described a reduction 
in SP tissue levels in several rat brain regions after 
40 days of treatment with the respective antidepres- 
sants. These discrepancies might be due not only to 
the prolonged treatment period, but also to differ- 
ences in doses, routes of drug administration and the 
SP assays. On the other hand, acute administration 
of the SSRI alaproclate, for example, led to an 
increase in tissue concentrations and release of SP 
and NKA in the periaqueductal grey in rats, 1921 
whereas acute treatment with diazepam reduced SP 
concentrations in the rostral hippocampus and dor- 
sal periaqueductal grey. I64] Measuring the expres- 
sion of TAC1 messenger RNA upon subchronic 
administration of the SSRI zimelidine, Walker et 
al. 1931 observed increased expression levels in the 
neostriatum, and Riley et al. [94J observed decreased 
levels in medullary raphe neurons. 



© 2005 Adis Data Information BV. All rights reserved. 



CNS Drugs 2006; 19(4) 



280 



Herpfer & Lieb 



With regard to the NK1R, Sartori et al. l95J investi- 
gated the effects of long-term antidepressant treat- 
ment on NK1R expression in the rat brain. They 
administered four different established antidepres- 
sants for 14 and 42 days and measured their effect 
on NK1R expression as well as on the number of SP 
binding sites. None of the treatments caused any 
significant changes except for tranylcypromine, 
which increased the number of SP binding sites in 
the locus coeruleus after 42 days of treatment. 

3.2 Evidence from Clinical Studies 

3.2. / SP In the CSF of Depressed Patients 
There exist no methods for directly measuring 
the release of neuropeptides, transmitters or metabo- 
lites in human brains; instead, indirect measures 
such as 'content in the CSF or serum' are being 
applied. 

Rimon et al. l96J measured SP in the CSF of 12 
depressed and 12 schizophrenic patients as well as 
15 controls. They found significantly increased SP- 
like immunoreactivity in the depressed patients 
compared with the schizophrenic patients and the 
controls. In addition, electrophoresis patterns indi- 
cated an increase in SP degradation [SP(1 ^-frag- 
ments] in the depressed group, which was inter- 



preted to be of possible pathogenic relevance. An- 
other study from the same group 1971 with ten 
schizophrenic patients, ten matched patients with 
other psychiatric disorders and ten control subjects 
did not show any significant difference regarding 
their CSF SP levels. However, it was noted that in 
the three patients with depression, the mean SP 
content was clearly higher than the corresponding 
mean concentration in the patients in the non-schiz- 
ophrenic group with other psychiatric disorders, al- 
though this difference did not reach statistical signif- 
icance. In both studies, the CSF SP levels in schizo- 
phrenic patients were unaltered relative to controls. 
Berrettini et al., [98J however, could not replicate the 
findings of increased CSF SP in depressed patients. 
They measured SP levels in the CSF of 19 inpatients 
(three acutely and unmedicated manic, 12 depressed 
and four euthymic patients) and 29 outpatients (15 
unmedicated bipolar patients and 24 lithium-treated 
bipolar patients) and found no difference compared 
with levels in control subjects. On the other hand, 
Toresson et al. l99] reported that SP itself was not 
present in measurable concentrations in the CSF 
(<0.1 pmol/L), but that, instead, an N-terminally 
elongated form of SP could be measured by a com- 
bined high-performance liquid chromatography and 
radioimmunoassay method. In a study of nine un- 



Table III. Aversive, stress-inducing effects of the CNS administration of substance P (SP) or SP-like compounds 



Species 


Injected substance 


Locus of injection 


Effect 


References 


Rat 


SP-analogue 


ICV 


Conditioned place aversion 


70 


Rat 


SP 


Periaqueductal grey 


Anxiogenic effects in EPM and conditioned place 
aversion 


71,72 


Rat 


SP 


Lateral septal nucleus 


Aversive, anxiogenic-like effects in EPM 


73 


Rat 


SP 


Medial nucleus of the 
amygdala 


Anxiogenic effects in EPM 


69 


Mouse 


SP, NKA, NK1R- or 
NK2R-selective agonists 


ICV 


Anxiogenic effects in EPM 


74 


Rat 


SP 


Caudal pontine reticular 
nucleus 


Potentiation of acoustic startle response 


75 


Guinea-pig 


NK1R-agonist 


ICV 


Distress vocalisations 


22 


Guinea-pig 


SP or selective 
NK1R-agonists 


ICV 


Locomotor hyperactivity, wet-dog shakes and face- 
washing 


76,77 


Gerbi! 


NK1R-agonists 


ICV 


Hind paw tapping 8 


78 


Rat, mouse 


SP 


ICV 


Grooming, scratching 


79,80 


Rat 


SP 


Dorsal raphe nucleus or 
ICV 


Increase of heart rate and blood pressure 


81,82 



a An anxiety-like stress behaviour that is recognised as an alarm signal in desert rodents. 

EPM = elevated plus-maze; ICV = intracerebroventricular; NK1R = neurokinin-1 receptor; NK2R = neurokinin-2 receptor; NKA = 



neurokinin 



A. 
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medicated, depressed inpatients, 11001 they showed 
that the mean level of N-terminally extended SP in 
CSF was unaffected by a 6-week fluoxetine treat- 
ment. However, the pretreatment level correlated 
significantly with the pretreatment CSF level of the 
norepinephrine metabolite 4-hydroxy-3-methoxy- 
phenylglycol.. Since the study unfortunately did not 
include any control subjects, it is unknown whether 
the CSF level of N-terminally extended SP is altered 
in depression. 

With fibromyalgia syndrome, a chronic pain dis- 
order with pathophysiological mechanisms that are 
often related to depression, [101J elevated CSF SP 
levels could be demonstrated in five independently 
conducted studies (reviewed in Russell 1 ' 023 ). 

3.2.2 Serum Levels ofSP in Response to Stress 
Schedlowski et al. 11031 investigated the anxiety 

levels and the SP plasma concentrations in 47 inex- 
perienced tandem parachutists 2 hours before, im- 
mediately after and 1 hour after a parachute jump. 
SP levels were not affected by the jump itself. 
However, subjects with higher anxiety levels imme- 
diately before the jump showed higher SP values 
throughout the study as compared with the other 
jumpers. 

Weiss et al. [1041 measured various immunologi- 
cal, neuroendocrine and psychological parameters 
as well as plasma SP levels in 22 civilians during 
and after Scud missile attacks on Israeli cities within 
the 1991 Persian Gulf War. During the war, median 
SP levels were significantly elevated. 

3.2.3 Serum Levels of SP in Depressed Patients and 
Modulation of SP Levels in the Course of 
Antidepressant Treatment 

In a study with 23 depressed patients and 33 
control subjects, Bondy et al. il05J measured serum 
SP levels before and after 2 and 4 weeks of an- 
tidepressant therapy. Before treatment, the patients 
with depression displayed significantly higher SP 
levels than the controls. In control subjects, SP 
remained relatively constant over a period of 4 
weeks. In depressed patients also, there was no 
overall change in the mean SP level. However, 37% 
of these patients showed an SP decrease that could 
be correlated to a better drug response. It has been 
suggested that the latter proportion of patients might 
represent a subgroup with the disorder, in whom 



neuropeptides play a key role, and thus may be 
candidates for treatment with neurokinin receptor 
antagonists. 

These findings are in line with data from a study 
in which serum SP levels were determined before 
and during a 9-week treatment period with paroxe- 
tine in combination with either lamotrigine (n = 20) 
or placebo (n = 20) in 40 depressed patients. [106J In 
the total group of patients, the mean SP levels did 
not change during the 9- week trial. However, ther- 
apy responders and non-responders differed signifi- 
cantly in their SP serum levels. Responders started 
with higher SP levels that decreased during drug 
therapy, whereas non-responders had lower SP 
levels that increased at the beginning of drug ther- 
apy. This may indicate that alterations in SP serum 
levels are related to drug effects and treatment out- 
come. 

To replicate the above-mentioned findings and to 
extend longitudinal SP measurements in a larger 
group of depressed patients, we performed a second 
study. [107J In 78 depressed patients, serum SP levels 
were measured before and after 2 and 5 weeks of 
antidepressant therapy. In addition, CSF SP levels 
were determined in 11 patients before and after 
treatment as well as in 11 healthy control subjects. 
CSF SP levels did not differ between controls and 
depressed patients, and, as in the above-mentioned 
studies,* 100 ' 105 - 106 ' CSF and serum SP levels did not 
change during the 5 weeks of pharmacotherapy in 
the total group of patients. In contrast to the study by . 
Bondy et al. 1,051 and our previous study, however, 
this most recent study could not confirm the differ- 
ences between the serum SP levels of responders 
and non-responders. 

These inconsistent clinical findings mirror the 
results from the above-mentioned preclinical stud- 
ies, which showed a rather complex and time-sensi- 
tive interrelation of antidepressant drug treatment 
and changes in SP levels (see section 3.1.3). In 
summary, it is still hard to draw a final conclusion 
regarding the relevance of SP/NK1R pathways 
within the therapeutic action of established an- 
tidepressants. 

3.2.4 Intravenous Administration of SP in Humans 

In animal studies, the central administration of 
SP may produce aversion and/or anxiety-like states 
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(see section 3.1.2). In human studies, central appli- 
cation is not an option. However, Freed et al. 11081 
demonstrated that SP is capable of crossing the 
blood-brain barrier in both directions through an 
active, energy-dependent transport mechanism. In 
addition, Clark et al., ll09J measuring - in parallel - 
SP levels in the plasma and in the CSF of 37 patients 
who underwent lumbar puncture for various diag- 
nostic purposes, found a close correlation between 
the plasma and the CSF levels. 

Several studies investigated the effects of intra- 
venously applied SP in healthy human volunteers. 
Chiodera and Coira tll0J and Coiro et al., lllMI4J for 
example, observed the effects of diurnal systemic 
administration of SP on the endocrine response in 
healthy young volunteers. SP was infused intrave- 
nously in doses of 0.5-1.5 pmol/kg/min (for 60 
minutes) and alterations in plasma levels of the 
following hormones were evaluated: vasopressin, 
oxytocin, 11101 growth hormone, llllJ luteinising hor- 
mone, follicle-stimulating hormone (FSH), lH2j thy- 
roid-stimulating hormone (TSH), lU3] adrenocortico- 
tropic hormone (ACTH) and Cortisol. [1 14] No signifi- 
cant side effects or changes in blood pressure were 
observed during SP infusions. While the lowest dose 
of SP had no effect on any of the hormones, SP 1.5 
pmol/kg/min stimulated the secretion of vasopres- 
sin, growth hormone, luteinising hormone, ACTH 
and Cortisol. The levels of oxytocin, FSH and TSH, 
however, remained unaffected. The pretreatment 
with sodium valproate completely abolished both 
ACTH and Cortisol responses to SP. lU4] 

In a randomised, double-blind study in 12 
healthy, young men, 11151 we investigated the effect 
of nocturnal SP infusions (3 pmol/kg/min) on sleep, 
mood and neuroendocrine parameters. At this dose, 
side effects such as elevation of pulse rate, systolic 
blood pressure and flushing were observed but well 
tolerated by the subjects. As with Coiro et al., we 
found an increase in Cortisol levels. In addition, TSH 
levels were increased, but GH remained unchanged. 
Moreover, SP infusions caused an immediate wors- 
ening of mood (feeling unhappy, melancholic, de- 
pressed) and a significant decrease of sleep quality, 
both of which might be caused by direct central 
effects of SP. However, it cannot be fully excluded 
that the results found are the mere consequences of 



the subjects' feeling stressed as a result of peripheral 
side effects during SP infusion. 

3.2.5 The NK1R in Post-Mortem Brains of 
Psychiatric Patients 

Burnet and Harrison ll,6] measured SP binding 
sites in the cingulate cortex in post-mortem brains of 
patients with unipolar depression (n = 13), bipolar 
disorder (n = 13), schizophrenia (n = 14) and con- 
trols (n = 14). In all brains, the authors found a 
higher density of SP binding sites in the superficial 
layers (laminae I— III) compared with deeper layers 
(laminae Va-VI) but no differences in overall bind- 
ing site densities between the four groups. In unipo- 
lar depressed patients, however, a relative decrease 
of SP binding sites in superficial laminae compared 
with deep laminae could be found. 

Stockmeier et al., 11173 investigating the density of 
SP binding sites in the post-mortem orbitofrontal 
cortex (BA 47) of 12 subjects with depression and 
11 controls, found decreased binding sites in de- 
pressed patients across all cortical layers. 

The mechanism involved in the apparent 
downregulation of NK1R in depression is not clear. 
Stockmeier et al., [1,7] however, suggest that the de- 
crease in NK1R in depression could represent an 
insufficient state-dependent adaptive alteration. 

4. Substance P Receptor 
Antagonists (SPAs) 

The fact that the SP/NK1R system has been 
proposed to be involved in the pathophysiology of a 
diverse range of conditions (see section 3) has 
opened up a wide array of potential indications for 
NK1R antagonists (substance P receptor antagonists 
[SPAs]), which fuelled major pharmaceutical re- 
search efforts starting in the early 1 990s. Since the 
description of the first non-peptide SPA (CP-96345) 
by Snider et aL [118 J in 1991, a plethora of highly 
selective, high- affinity, brain-penetrant, non-peptide 
SPAs have been produced. 

Since it had been observed that neuropeptides are 
released preferentially when neurons are strongly 
activated and/or under pathological conditions, the 
idea was that peptide receptor antagonists only have 
an effect in deranged systems with increased 
neuropeptide levels, which might also lead to less 
pronounced side effects. In addition, because of the 
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modulatory nature of neuropeptides, it was speculat- 
ed that the blockade of their receptors would show 
less dramatic effects than the antagonism at classic 
transmitter sites. Thus, the new class of antagonists 
may not only be suitable drugs but, in at least some 
aspects, even advantageous over established 
psychotropic drugs. 1121 

SPAs were initially evaluated in the treatment of 
pain because of the well characterised role of SP in 
nociception (for review see Snijdelaar et al. lll9J ). 
However, SPAs such as aprepitant (MK-869, see 
figure 1), CP-99994, CP- 122721, lanepitant 
(LY-303870), RP- 100893, L-758298 or vofopitant 
(GR-205171) showed no, or only little, effect in the 
treatment of pain, including dental pain, migraine, 
osteoarthritis or peripheral neuropathy.* 56 ' 120J Simi- 
larly, an 8-week randomised, double-blind, placebo- 
controlled study conducted by Littman et al. ll21J 
showed no effects on pain ratings, anxiety or depres- 
sion in 30 fibromyalgia syndrome patients given the 
SPA ezlopitant (CJ- 11974). The only significant 
effect was an improvement of dysesthesia in feet 
and hands. 

To date, SPAs are developed as anxiolytics/an- 
tidepressants, which will be the focus of the follow- 
ing section. An additional field of development is in 
the treatment of chemotherapy-induced nausea and 
vomiting (CINV). SPAs block emesis in animal 
models and prevent acute and delayed CINV in the 
clinicJ56,i22,i23j In 2003, the US FDA approved the 
SPA aprepitant for the latter indication. Aprepitant 
is currently the first and only member of the SPA 
family to be authorised for clinical use. 




F 



Fig. 1. Chemical structure of aprepitant (MK-869). 
© 2005 Adls Data Information BV. All rights reserved. 



5. The Rationale for Developing SPAs for 
the Treatment of Affective and 
Anxiety Disorders 

As described in section 2 and section 3.1.1, SP 
and NK1R are expressed in brain regions that are 
involved in the regulation of the stress/fear response 
as well as affective behaviour (e.g. amygdala, hip- 
pocampus, hypothalamus, frontal cortex), and the 
SP content in these areas changes upon application 
of stressful stimuli. In preclinical studies, the central 
administration of SP produces a range of fear-relat- 
ed behaviours. In addition, the SP/NK1R system 
shows significant spatial overlap with that of neuro- 
transmitters such as serotonin (dorsal raphe nucleus) 
and norepinephrine (locus coeruleus), which are 
known to be involved in the regulation of mood, 
stress and anxiety. These findings have led to the 
suggestion that: (i) SP/NK1R pathways might play 
an important role in the modulation of stress-related, 
affective and/or anxious behaviour; and (ii) the 
blockade of NK1R might have anxiolytic as well as 
antidepressant effects. 

5.1 Possible Mechanisms of Action of SPAs 

On a molecular level, nonpeptide antagonists 
function by altering the general structure of the 
NK1R and by shifting it away from the agonist- 
binding conformation. Thus, SP and SPAs compete 
for occupancy of the receptor by binding in a mutu- 
ally exclusive manner to distinct sites. 11241 

On a functional level, several mechanisms of 
modulating affective and anxious behaviour have 
been suggested for SPAs. While it has been pro- 
posed that the SP/NK1R system and therefore SPAs 
may act via direct modulation of mood/behavioural 
responses to stressful stimuli, i.e. independently of 
other neurotransmitter pathways, an increasing 
number of studies suggest that the effect of SPAs 
may involve complex interactions with the hypo- 
thalamus-pituitary adrenal axis, 158,1 151 neurotrans- 
mitter systems and/or neurogenesis. These mecha- 
nisms will be discussed in detail in the following 
two sections. 

5.1.1 Interactions of SPAs with 
Monoaminergic Systems 

The pronounced anatomical overlap of the SP/ 
NK1R and the monoaminergic neurotransmitter sys- 
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Table IV. Effects of genetic or pharmacological inactivation of neurokinin (NK)«1 receptor (NK1R) on noradrenaline (norepinephrine) and 
serotonin transmission 



Species 


Mode of NK1 R inactivation 


Effect 


References 


Guinea-pig 


Acute/chronic L-760735 


Increased firing of DRN neurons 

No desensitisation of 5-HTia autoreceptors 


125 


Guinea-pig 


Acute/chronic L-760735 


Acute: no effect on firing of LC neurons 
Chronic: increased burst firing of LC neurons 
No desensitisation of a2-autoreceptors 


126 


Guinea-pig 


Acute vofopitant (GR-205171) 


Unchanged efflux of NA in FCx 

Blockade of SP-induced increase of NA efflux in FCx 


127 


Rat 


Acute WIN-51, 708, CP-96, 
345 


No effect on firing of LC or DRN neurons 

Desensitisation of ct2-autoreceptors but unchanged sensitivity of 5-HTia 
autoreceptors 


128 


Rat 


Subacute/chronic CP-96, 345 


Increased firing of DRN neurons 
Desensitisation of 5-HTia autoreceptors 


129 


Rat 


Acute vofopitant 


Increased firing of LC neurons 

Increased efflux of NA in FCx and hippocampus, 5-HT efflux unchanged 


130 


Rat 


Vofopitant 


Unchanged efflux of 5-HT in hippocampus 


22 


Mouse 


NK1R-/- 8 

or acute RP-67580 


Increased firing of DRN neurons 

In NK1R-/-: desensitisation of 5-HTia autoreceptors 


131 


Mouse 


NK1R-/- 


Unchanged basal firing of DRN neurons 
Unchanged basal efflux of 5-HT in FCx 
Increased effect of paroxetin on 5-HT efflux 
Desensitisation of 5-HTia autoreceptors 


132 


Mouse 


Acute vofopitant 


Unchanged efflux of 5-HT and NA in FCx 


133 



a NK1R-/- is genetically inactivated, i.e. 'knockout'. 

5-HT = serotonin; DRN = dorsal raphe nucleus; FCx = frontal cortex; LC = 



locus coeruleus; NA = noradrenaline (norepinephrine). 



terns, the well established role of the latter in modu- 
lation of affective behaviour, and the fact that altera- 
tions in serotonin and norepinephrine are believed to 
underlie the effects of many established psycho- 
tropic drugs, have raised extensive research into 
the interactions of SPAs with serotonin and nore- 
pinephrine systems. Table IV shows a summary of 
the effects of genetic or pharmacological inactiva- 
tion of the NK1R on serotonin and norepinephrine 
transmission. NK1R inactivation seems to produce 
alterations in serotonin and norepinephrine neuronal 
activity that are likely to contribute to the an- 
tidepressant/anxiolytic efficacy of SPAs, but that are 
- at least partially - distinct from those produced by 
established drugs. This underlines the possible 
unique mechanism of action of this new class of 
compounds. 

5. 1.2 Effects of Genetic or Pharmacological NK1R 
Inactivation on Hippocampal Neurogenesis 

Recent studies have shown that long-term an- 
tidepressant treatment not only leads to altered 
monoaminergic transmission, but also may result in 
increased hippocampal neurogenesis t,34 l and raised 



levels of brain-derived neurotrophic factor 
(BDNF). 11351 In addition, Shirayama et aU 1361 using 
behavioural animal models of depression, found an- 
tidepressant effects of intrahippocampal injections 
of BDNF, whilst BDNF has been reported to in- 
crease basal levels of neurogenesis in the hippocam- 
pus. 11371 Therefore, it has been suggested that an- 
tidepressants may ameliorate the symptoms of de- 
pression by modulating hippocampal 
neurogenesis 11381 and by preventing or reversing the 
loss of hippocampal volume, which has been found 
in depressed patients. 11391 

Psychosocial stress in tree shrews is currently 
being used as an animal model of depression. 11401 
Upon stress exposure, these animals also show re- 
duced hippocampal neurogenesis and volume, both 
of which are reversed by antidepressant treat- 
ment. [141] In the same kind of model, van der Hart et 
al. ll42J showed that comparable results can be ob- 
tained by long-term administration of an SPA and, 
in a very recent study, it was demonstrated that the 
hippocampi of NK1R knockout (NK1R-/-) mice 
(see section 5.2) contain significantly elevated 
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levels of BDNF and show increased neurogene- 
sis. 11431 These results not only suggest an involve- 
ment of SP/NK1R in hippocampal neurogenesis, but 
also a potential involvement of hippocampal neuro- 
genesis in the mechanism of action of SPAs. 

5.2 Preclinical Studies with SPAs 

As mentioned previously (see section 2), the 
NK1R shows marked species variations in its amino 
acid sequence, which determines the species-depen- 
dent differences in the potency of various SPAs. l58J 
Since the majority of available SPAs have only 
reduced affinity for the rat and mouse NK1R - the 
most commonly used species in preclinical assays - 
it has become necessary to also evaluate SPA ac- 
tions in species with human-like receptor pharma- 
cology, such as gerbils, guinea-pigs and hamsters. 
Table V shows a summary of the effects of SPA 
administration on animal behaviour in behavioural 
models frequently used for assessing the activity of 
antidepressant and/or anxiolytic drugs. These assays 
are not intended to be models of depressive or 
anxiety disorders, but they provide useful means of 
comparing the actions of SPAs with established 
antidepressants/anxiolytics. To sum up, SPAs atten- 
uate stress-induced behavioural defence responses 
and display anxiolytic- and antidepressant-like ac- 
tivity in certain experimental models. It should be 
noted that, unlike established anxiolytics and an- 
tidepressant drugs, SPAs did not cause motor im- 
pairment or sedation in the tested animals (with the 
exception of the light/dark shuttle box experiment 
by Zernig et al. 11441 ). 

Another way of modelling a chronic blockade of 
NK1R is the creation of mice in which the NK1R 
has been genetically disrupted: the so-called 'NK1R 
knockout (NK1R-/-) mice'. Table VI summarises 
the phenotype of NK1R-A mice in various 
behavioural paradigms. Except for some disaccord 
regarding the elevated plus-maze and the open-field, 
which might be due to different genetic background 
strains, there exists a general consensus that the 
NK1R-/- phenotype resembles that seen in wildtype 
mice treated with established antidepressant/anxi- 
olytic drugs. In addition, there is generally good 
agreement between the effects of pharmacological 
blockade and genetic deletion of the NK1R on beha- 
viour. 



The marble-burying behaviour test, in which the 
burying of harmless objects (marbles) might reflect 
a form of impulsive behaviour, has been suggested 
to be a model for evaluating anti-obsessive-compul- 
sive disorder drugs. 11611 In a study conducted by 
Millan et al., 11621 the SPAs GR205 17 1 and RP67580, 
by analogy with the SSRI fluvoxamine and the TCA 
clomipramine, completely blocked the marble-bury- 
ing behaviour in mice. 

The goal of further studies now is to gain more 
information about the location of the effects of the 
NK1R in certain behaviours. One way of approach- 
ing this task is by ablating the suspected region. For 
example, ablation of NKlR-expressing neurons in 
the amygdala, via local injections of the neurotoxin 
SP-saporin, reduced morphine reward behaviour 
and caused an increase in anxiety-like behaviours in 
the elevated plus-maze. 11631 Rupniak et al. [148J 
showed that lesions of the basolateral amygdala 
(with ibotenic acid) inhibit fear conditioning in ger- 
bils in the four plate test. Thus, the effect of amygda- 
la lesions on fear conditioning resembles that seen 
after administration of the SPA L-760735 (see table 
V). These findings support the hypothesis that the 
amygdala, together with its associated output path- 
ways, is one of the potential sites where SPAs may 
act to attenuate stress responses. t69J 

All in all, these results provide further evidence 
that the SP/NK1R system is highly involved in the 
regulation of behavioural responses to stressful 
stimuli. 

5.3 Clinical Studies with SPAs 

The first clinical study that showed antidepres- 
sant as well as anxiolytic effects of an SPA was the 
study published in 1998 by Kramer et aU 22] The 
authors found that the SPA aprepitant showed im- 
provements in depression and anxiety symptoms 
that were quantitatively comparable to those seen 
with paroxetine, an established SSRI, and signifi- 
cantly greater than those seen with placebo. The 
authors tested aprepitant in a randomised, double- 
blind, placebo-controlled multicentre study with 
213 depressed outpatients. Anxiety levels of these 
depressed patients were moderately high. The pa- 
tients were randomly assigned to daily treatment 
with aprepitant 300mg, paroxetine 20mg or placebo. 
They were treated for 6 weeks and primary outcome 
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measures were the Hamilton Depression Scale 
(HADS) and the Hamilton Anxiety Scale (HAM-A), 
as well as the Clinical Global Impressions-Severity 
Scale (CGI-S). Regarding symptoms of depression, 
as of week 1 and 2, aprepitant and paroxetine were 
more effective than placebo: 54% of the patients 
treated with aprepitant compared with 46% treated 
with paroxetine and 28% treated with placebo re- 
sponded to the treatment, and 43% of the patients 
treated with aprepitant compared with 33% treated 
with paroxetine and 17% with placebo had a com- 
plete remission of depression (HADS <10). In addi- 
tion, as of week 4 of the study, patients treated with 
aprepitant showed fewer symptoms of anxiety than 
patients in the placebo group, an effect that contin- 
ued to increase through week 6, The authors sug- 
gested that the differential time course of the an- 
tidepressant and the anxiolytic effects might point to 
differing underlying mechanisms. All in all, aprepi- 
tant was very well tolerated: side effects did not 
occur more often than with placebo treatment. This 
was also the case for sexual dysfunction, which, in 
contrast, occurred in 26% of the patients treated with 
paroxetine and in 3% of patients treated with aprepi- 
tant. Treatment with aprepitant was not stopped 
more often than with placebo. 

In a subsequent dose-finding studyt 563 conducted 
by the same authors with more than 800 depressed 
patients, the antidepressant efficacy of aprepitant 
lOmg, 20mg, lOOmg and 300mg once daily and the 
active control, the SSRI fluoxetine 20mg once daily, 
was not superior to placebo treatment (discussed in 
Enserink [,64] ). Positron emission tomography imag- 
ing studies in human volunteers with the brain- 
penetrant tracer [18F]SPA-RQ suggest that very 
high levels of central NK1R occupancy (>90%) are 
necessary to achieve therapeutically significant an- 
tidepressant effects. This criterion is fulfilled by an 
aprepitant dose of 300mg.( 165 ^ The fact that in the 
dose-finding study, 1561 the reference drug fluoxetine 
did not differentiate from placebo, made the out- 
come of this study uninformative, a phenomenon 
that has been reported in approximately 50% of 
trials with various antidepressants. 11661 However, 
Rupniak and Kramer 1561 commented on this unpub- 
lished study, that post hoc analyses had shown an- 
tidepressant efficacy of aprepitant in the subset of 
severely depressed patients (HADS >25). Therefore, 
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To sum up, in three independent clinical trials 
with three different compounds, an antidepressant 
efficacy of SPAs could be demonstrated (specifical- 
ly in severely depressed patients). In addition, SPAs 
showed significant anxiolytic effects in depressed 
patients. However, several more recent phase in 
trials, including relapse prevention studies conduct- 
ed with aprepitant, failed to replicate the antidepres- 
sant effects as compared with control, 11701 which led 
to a closing of the SPA antidepressant development 
programme of the respective company in autumn 
2003. Nevertheless, several other pharmaceutical 
companies are currently conducting phase I and II 
trials with their structurally different and possibly 
more potent SPAs to assess their anxiolytic as well 
as antidepressant efficacies. 

There are numerous indications from preclinical 
studiest 74 ' 127 ' ,7M73 J that, in addition to SP and NK1R, 
other neurokinins and/or neurokinin receptors might 
also be involved in the modulation of stress-related 
behaviour and that exclusive blockade of the NK1R 
might not be sufficient to produce consistent anxi- 
olytic and antidepressant effects. Sanofi-Aventis, 
for example, is currently conducting a clinical trial 
to assess the anxiolytic and antidepressant activity 
of the NK2R antagonist saredutant (SR-48968, fig- 
ure 2). [174J Of special interest might also be sub- 
stances that block more than one receptor type, such 
as NK1/2R antagonists or NK1/2/3R antagonists, 
which have been developed by certain compa- 
nies. ti75J These compounds may be more efficacious 
in antagonising the effects of SP than compounds 
that only block the NK1R. 



Table VI. Behavioural differences in the phenotype of neurokinin (NK)-1 receptor (NK1R) knockout (NK1R-/-) mice as compared with their 
wildtype counterparts 



Behavioural paradigm 


NK1 FW- behavioural phenotype 


References 


Open-field 


No difference 


158 




Increased exploratory behaviour (nose pokes) 


159 


Elevated plus-maze 


No difference 


149.160 




Fewer anxiety-related behaviours 


131 


Resident-intruder 


Less aggressive 


149,158 


Separation-induced vocalisation 


Attenuated neonatal vocalisation 


131,145 


Novelty suppressed feeding 


Fewer anxiety-related behaviours 


131 


Forced swim test 


Increased struggle behaviour 


149,159 


Tail suspension test 


Increased struggle behaviour 


149 


Others 


Loss of the rewarding effect of morphine, and reduced response to opiate withdrawal 


160 




Lower corticosterone levels after exposure to elevated plus-maze 


131 



CI 




Fig. 2. Chemical structure of saredutant (SR-48968). 

investigators conducted a further phase II trial, this 
time studying*the efficacy of the SPA L-759274 (40 
mg/day orally for 6 weeks) in 128 severely de- 
pressed patients (mean HADS = 28) with moderate- 
ly high anxiety levels (mean HAM-A = 25) in a 
randomised, double-blind, placebo-controlled study. 
As in the initial aprepitant study of 1998, t22J SPA 
treatment was significantly superior to placebo 
treatment as assessed by HADS, HAM-A and CGI- 
S. L-759274 was generally well tolerated. The inci- 
dence of sexual side effects was on a par with that 
observed in patients receiving placebo, and the inci- 
dence of gastrointestinal effects was low. ll67 > 168J 

Another clinical trial, conducted with the SPA 
CP- 122721, once more confirmed the antidepres- 
sant efficacy of SPAs: CP-122721 showed similar 
efficacy when compared with fluoxetine in de- 
pressed patients, and in a trial comparing 
CP-122721 to paroxetine and placebo, the drug ex- 
hibited fewer sexual side effects. 11691 
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6. Conclusion 

Although contradictory results have been ob- 
tained in several studies, there is ample evidence to 
support the involvement of SP/NK1R in the regula- 
tion of the stress/fear response in animals and possi- 
bly in the modulation of depression and anxiety in 
humans. The proof of concept has been provided for 
NK1R antagonists in the treatment of major depres- 
sion, but recent studies have challenged the useful- 
ness of NK1R antagonists in the treatment of affec- 
tive disorders. We believe that the potential for NK 
receptor antagonists as novel antidepressant and/or 
anxiolytic agents remains promising but needs fur- 
ther study, especially with respect to NK2Rs and 
NK3Rs and their contribution to behavioural modu- 
lation. 
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INTRODUCTION 
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while PPT-A encode both NICA imrl SP (Hg. I). A 
W nra& gene, ^tachyki.nn B (PPT-B) 
NKR The' neurokinin* all huve m eommon llut CvUUH 

but^not Kumcicni tbi^lm%i;ical:aeUvUy or their respective 
receptors;, 

SP. bind* relatively, s,dt*ttveiy:to ihit NK| receptor wl^. 
NICA is Ui« prefened ligand forthcNK* leccptor and NKB 
for the' NK, rcc^rnr (Tabiu I This review; cuii^nlratcs- on 
: ^>;ahrf^ fC ™* u ^ v a n s 

well ut; |.rdciinicai <iii»n ^i$8«t ih^ bodi the NKA imd NKIT 
sysicrn^n^play a role in p^hiatric disuse: AUhou^hlbe 
presence of NK* reccptors in liV^ih has been » ; iiiftttcr.ot$omc 
•a R hntc [$, 6), the NIC 2 receptor antagonist Snredutant 
(SR48WS) exhibits activity, in mitidcptessant and anxiolytic 
motel* ft ft] and ii currently undergui ng clinical cyjtlimtion 
in depres^d patients. NK T .xc<^to'rs urv widely dutnbufcd to 

rS2TLi,. ff^^.;, point Roiwt Ms'3W0-4t53. firoton. Of 00340: E- 
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brain 11 jand huveM)ecn.s^ 

dopaminergic, horadtencrfve and cholinergic ^systems; . 
131 NK, receptor antagonists WockVscnkndc 0^ecnve/NK< 
aramst)- induct firing of dopamine contain mg ecllsas well 
cfc the turning bnhavior clidtWW;^"astriulftl inmsion ot 
senktide; [14, 15] foxing attention on NK* rec^mor 
aht^oni^ as possible anttpsy^vol* Agents: n^c^ 
selective NK, receptor antagonists, usanr.unt .jbRi4/5U») 
and talnchmt ($KH) have rcocnUy; been reported on >anofi : s 
nnd Glaxo's Wch sites, restively to be active against 
schizophrenia in Phase U trials. 

"The focus uf much preclinical work.qn SMms hecn on its 
,clo in the transmission of nociceptive, inlormat.on \n 
cpntmsi to ^cmotionar 1 behavior. Yvl, paradoxically, clinical 
trials wiUi. selective uhtagomsts.oT the NK, receptor mve 
failed to show any signifiumi nnafecfitc • activity (sec [16 J) 
hut have shown muideprcssutit activity. 

Depression involves disntpiion 'of embUoTinl; f and 'fW^ 
tiviv processes nnri thus the distribntion of SP and NK, 
realtors in both man -and rat uie icviewed^with u.a;»eus on 
brain circmlci involved it. emotional and costive proces^ 
the. Evidence for anxiolytic and. anlideprwant aettyily of 
NK, receptor antagonists deiivcd f>om behavioral expen- 
ments is.assesswd, concluding with the results of clinical 
trials evaluating, the w^tivity of NK:, receptor anlugomsts In 
depression. 

LOCALIXATFON OK SUBSTANCE P AND NK, 
RFCEfl UK IN BRAIN 

The disrnhution of substance P and die NlCj receptor in 
brain haifbefin extensively reviewed previously [4, 17-19]. 
However, consideration of the: distribution of hoth peptide 
and receptor in frontal cortex, amygdala, dorsuV raphe and 
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Yl&Xi), Prcprotachykuuu ; mRNA ami i^f.iide structures. 

locus>coenduus is \wranlvd as du*e areas arc mvolvedih 
nrocessingXMuutiorin^ stimuli, responding to stress, ttwjrhaw 
ueW^ov^ 

^iiiiJili^tany , sp^iwvdirtcrehccs^iii the distribution* or SP 

TnbJci; Tuiiykinlri Reccplois; Wibnriacology anil 
localisation 
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FiiONIAL CORTEX 

Imaulng; clcct^physioWsicaJ and Wsion smoMcs in man 
and animals ^int wwmxl a rote for the prefrontal corwx 
(H-C) in emotional behavior <»:« Drcycts. 120]). The PFC 
W been shown to alter fear behavior, participate m 



modulating autonomic and endoc^ne: lesponJwMO; stress uiul 
to.vMiibit altered metabolic, activity, in paiimit* with major 
deprvjisibh pi V Hcportsor sirucrural :ch^uyirr thcmomul 
cortcx of depressed individuals (2*1 ^lggcsis UiaHh is, i*an 
area trimrmiy contribute- to the ciiolo^ of dcpresyAon and^by 
inference the ahlidqu^Rani activity, of pharmacolo^cat 

In the prefrontal cortex of mtuvNKi receptors am found 

in 

fruntiil cnrtCK 123-26}. lmmtmoioculi^ation= of ithe: NK (i 
' rcceplotuivrai indicates that iho neoconical nuuio.tf. express- 
ing substance P receptor are ^ABAcrgici iwu-pyramidal 
cells; a i mixed population, of heavily stained; -large mulhpnlar 
culls scattered ihroughoiit the ncocortieuM layers cxccpl Tor 
layer t and weakly immunmeactivc: medium fltaai multipolar 
cells distributed in- all cortical layers with a bias to layers 
U-Maridih^ f27], Kxpemnents m 

cmofhihal cortex Mimesis that NK, receptor achy iition pro- 
moie^thc release : of OA B A at synapses on principal neurons 

m 

t he distribution of NK , receptor/generally coincides witlr 
the distribution of Si 1 fibers found in. the curt lent layers ot 
both rat and man [17, 29]. In rat 'inedial .prefroiiiul: cortex 
cbrrespondins.to -Hie primate prciimbie area, large, voarse SP 
containing fibers arc present throughout byrrs ll,. Ul i\nd 
i\?[30].' Double labeling studio? snflftCSt the: majority ot SP 
positive cells also contain GAB A and are likely to be pan of 



a local mhibUof>' cin:uiti3l j. NVhiic many of the SP positive 
fiber* are iikely lu feprcscm ajcon-rfrom neurons intrinsic to 
the int cortex, . seven^i studies; have raiscH the possibility: that 
sumc fibers origimiic outside of the cortex, perhaps from Hie 
lateral ^'e^wntel^\ic'ieus:udjaccht to the loo. is cocruieus [32, 

m 

lh. primate frontal cortex, substance P -likeimmuno- 
macuvitf ($PU) i* biased toward. the upper cortical byers in 
mmrasi to the tut which haaVa paucity of SPLl in. layer. I. In 
muni rhairciU:sl density of SP libers as well as SP positive 
non^pyramidai -bipolar cell^are fourid'in layers II and IV el 
frontal unrtex (2VJ. Fibers l liv the. deep layers mn pcrpcijcicu. 
lar to ihwortiril surface while those in sttpaificia] layers 
proceed hC4i^6iiiriliy:r34] suggcsJiiig that SP wuiAuiinfi c-tlls 

inWbtfa^^ ™ c * 
Wiiioiar ccllsrin mm may Hc:siniilar to die bipolar cells m the; 
nioiilcey prefrontal cortCA that'eontain GAB A and SJ' 135]; la 
coninisiMo the m t J&™ is no evidence for extrinsic U 
cbntainiuy. fibers: innci^iitiiia the - frontal. corn,*, of primates 

tlril cells nntl on cortical interiieurons consistent with SP 
utayWantm^^^ 

function.. In i rat emortiWl cortex, rNK,. receptor rictwuuon 
nromok* the' release of (1 ABA at synapses on principal 
neurons [^7] inhibiting pvramidal output neurons. Whether 
the CABAei^ iniernc«rohsMli;ir ( are excited by SP arc the 
shme ihtcmeufons-iliat coiocalizcSP and OABA is not clear 
H ■ iWinknowiv wfivUieivtHese rckiHs in the emorhmal cortex 
caa be'aen™^ ^orfex, but sugujests -further 

work'J^ 

m>un<krstandIiferolc of 
i:r»tcx:circuiir7 r 

AViulcN^ 

numotis through which they Jnhvbit .the activity ot pyramidal 
ceVli; NK:j receptor activ«ti|«V has alio ;bccn shown to .excite 
cortical iumV presumably^., through' acuvution of glatamale 
containing excitatory iatenVeurons (37]. Whether ihc dttte- 
rent effects can be anatomically sutfesated as sujig^ed by 
SP-mduccd deprousinn of in vivo neuronal activity in the 
stipin ficiaVlaycrs, but ^citation in deeper layers wilt need lu 
be resolved f 3 

in n •wilcVbfi studies n:Uivanl to:antidejMC55»ht activity, of 
NK, rcceptoi->anianonisls »« thr. cortex, the wnsitiyity ot 
cingiilatc cuitox :iienrons to ioiitophorctically. applied SP 
fviilbwne^mid^ 

luiiiophorctic^applicaiion of SP •elicited excitation of the: 
maioriiy-of iVcuronl of the raremguiute 

:cortcx: frjlinwjnfi a 14 day r.mirse of bCS *£ttwM 
.marked reduction in the cxcitatoiy . response to SP (391. SP- 
rlicited exeitutiunof cortical celts was also reduced .by 
iuntophoretic application of norepinephrine or by stimulation 
ortiieaocvs^rulcus to:octivatc.nonidn;ni'.retc input to the 
cingulatc cortex (40, 41 J. Conversely, lesions of thr, locus 
cnerolCttS^ncrensed the Sensitivity, of dngulate cells to SP 
[41] Surprisingly. '2* to 36 hr alter the lust of 14 consecutive 
dully UeahTientr with- tniuylcyprominc, r.iiihaniazepinc or 
oxaproUlinu there was an increase in neuronal sensitivity, to 
substance V with all three dru^ None of the compounds 
altered responses to substance P nftcr a single- acute 
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iieatmcnt, Thus, ECS decreased but cJunntc 'antidcpre^srint 
treatment increased exuiiatory responses to SI.V »\ .}{* 
entorhihal cortex. Increased release of NE,. followmg^bCb 
and LC activation could underlie the dampening of SP- 
induced excitation, Paradoxically, MAO inhibitors would be- 
-wpeeted to increase NR, levels infronial. cortex (42). *nd 
thus decrease not incrcAse sensitivity to. SP : \nduu<Ml 
>cxciUition, Thus, decreased SP rcsponaivily frontal cortex 
doc's not uppVwr to-be a common mechanism underlying the 
antidcprcssunl activity of EC« and MAO •inhibiloi* If Nli 
modulates the effect hf SP on coriiual neurons, it would be 
ratcrestina to observe llieicffcct ora.suleetivc:norepinephiine 
reuptjilcelnhibJtor such as rehoxctine. 

Jn the Hinders Resistant line of nils, that model uspycts 
of dtinession, several studies examined: changes .in f NKl 
receptors as well as SP levels in the frontal ^rlex fqllowing^ 
antidepressant ' treatment (43]; Chronic eleutinconvuisivc 
shock (liCS) dilated NKi receptor levcls;m ; rul ; epr^ 
when measured by auioracUography, however m ihu same; 
study there was no.duu.^e in NICV mRNA;leyels £44]; S p 
levels in i frontal cortex; have been ,re|>orteri to meieuse 
tbllbwiiiy fiCS or admiinsiiaiinn of an ^Kl (4r»l. However, 
odicrs huve not seen any cVmnge followiiii; ECS 146J. 
Finally^ the flifulers line of ral.^ purported to express a 
"depressive phenoty^, have beeu shown to have deci^nsed 
tuveis of SP-like immunnreactivity in (I»k frontal. cortex ihat 
is normali/ed with chroni*:, but hot. acute lre;urncnt willi 
Hthium(47]: 

TKc oWeived elevation of both SP and NKt receptore ; in 
lespnhse -to uuHclejircssant tuid ^etroconvubive' shock 
nnatmcnt is difficuU to reconcile with blockade of NK S 
receptors producihg f an arit irleprcssant res^aisc IIowcvct; u 
'| 3 not clear whether ;thc^:hanRcs iti^SP wid NKi Jcccpior 
"levels reflet increased or dccreAscd . ncuroinm.smission, 
Rxamihatioa of wwiptor imcrnali/ni ion in trie .frontal /cortex 
mifiht:hclp to shed lialit on this, as;tlils mcthodte been iised 
lu show Utat the SP receptor undergoes intcrnalizatifin 
following Mi mulalion (4 8 [ 49). 

If ilia decreased . icv«l« of in .the Winter* line of rats 
reflect incieasnd release, of SP this would be cuid?acnt .with 
a blockade of NK, rcccptora pxudncing m, tint ideprcssant 
.esponse, While lithium may normalise the, levels jof SP in 
the Flinders rats, liUiium.is not ahUdepressflnt and on itu own 
haa been shown to ctevai c levels of SP in the. frontal cortex; 
of Miicher, tats [50J. The Flinders tine of,iats represents; uii 
intercstih^iiiodc! of depression- wwamingfurilier invcsttga- 
Hon of the role of SP in Jhc "depressive „pheriotypn M :' Would 
fln antagonist Willi hiRh attlnity H>r the rCKlcnlNKrre.ecptor 
t iiversc: some :o f the. behavioral ^elicits fonndin theFlunleis 
rat? 

Elucidating the conditions under which SP excites ui 
inhibits: die firing of principal cells of ihu i^itex :wtll . be 
important. Speculatively, SP may have an cxciK»tory action 
oif inhibitory intcineumns in Ihecurtex, perhaps dampen mo, 
biilput from the frontal cortex. Attenuation of thc:cxciUiiuiy 
actions of SP by NE 3ugg«i;is, that clcvalinj- noradrenergic 
tone in frotiial cortex mighl icsult in disinliibition of the 
piyraniidat neurons and increuse excitatory output iTioni the 
fibutol cortex. Tills scenario would be consistent with the 
reduction rin cerebral blood flow in fronDil cortex observed in 
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depressed subjects (511 and its normafeiion with anti- 
depressant treatment. 

AMYCI>A!.A. 

Anatomically (liii amygdala is pari of a circuit that 
includes the: prcfrxjninl; cortex and hippovmnpus and like the 
pmfrnmai^ cortex Kiu* beeiv mportcd 'in depressed puiitints to 
hc»vc abnormalities of' bluwi now and glucose muMxilism 
1*21 .5 IJ. The Central; lateral, busal and accessor)' busal nuclei 
Of thc ufnygdab ar^thoughKiu participle in a brain circuit 
rhar/^mfcriic^ iliuir importance 

in the development uf fear conditioning [52]! Additional' 
support for this; conceptual tot inn comes from smdit«.s 
deinOiiotmtinc that inh'ision of bwu.odiaicpines into tliu 
amygdala has anxiolytic jetrects in n^vsYi ien' of tests [53-55] 
and similurly Jnfiisi.on of antidepressants into the. amygdala 
elicits an witide^cssant effect in the rat foratd swim; test 

The - clistribuiidii: ,S^n ih;< the v amyg<iuUi uf tat lias -been 
'^rc^ivcly chanicie imirumnrnnctiyc for 

$p arc present 'in trie uiedinl find ;io a lesser yxtefriivrthc 
c^htrallnncleus oi\tlie uiu^daln,^]. A dense fiber^piwuK 
appears I u ut ir.i imtc in the medial imtsleus and course into thy 
c : cnffai;nuilutni (SvB?; well as into the lateral and hasolatcral 
nuclei [57, 6U-6'4 .Some of these b'H posiiiv^ Hbeis. may 
represehr)aW;ot^ 

diytrihiitionofNiCi receptors witiiin.the.amygdala alsovaiies 
asm iTuucii^of ^ 

fibers cuuV5in"g-froiT> medial io central lindens; NKj recep- 
^re labeled by ' 1 H : SP Vuid a large number of cells positive for 
mR^A^cncodihg Uie NKj raptor arc ibund in the Antral 
nucleus [25, 64); Interestingly, a lame number of cells tix- 
pressing ntRNA fbr NKi were rojjot ted present in the medial 
nucleus. however, '. receptor biiiUiu^ appeared low in; the 
medial nucleus .possibly reflection transput it »f receptor to 
.terminal rcftion3out^ 

rGclls^exprcssins peptide m well as mRNA;.eTicoUin^'mt; 
^ir : ore^r*"«ent^n hitman amy^Mnirf nuclei 16^67 J. Similar 
to the -rntf tlie^mcdiaV ccntraHaud wwtifcal nuclei as well as 
the :corlic6-amyf,da1a ^transition ni ea* ex hihit;a dense plexus 
of SP inimuitoieahtivft fihW (68). Cells iunmnmie^uvc^fbr 
SP r are: found lhrun}jhnnt the amygdala with the hi|»he« 
numbers found 1 in the cortirnT'trAhsition iirou, the 'central and 
cortical nuclei, while , the -lateral nucleus has lew Inbiiled 
neurons. 

The amygdala is rcporlcdto have Ihc fourth highest level 
ort ,f !i)BH;SP binding in human brain tvxeeeded only by the 
caudate, 'putaniuii unci hypothalamus- [19].- In situ h ynridizn- 
*tinn>and localization uf mRNAencoding the NK, receptor 
levcais ; a moderate level of rtyjbriai^ition signal in the hdeml 
and^a«3;qssfiiy; basalt nuclei; with low levels in the basul 
nucleus. A^u'uffdrrivnnH' n^odcraie; level of bi nding sites local- 
ised by (*HJ SP'bmdmt; arc observed in thesis same nuclei 
(cV)j, it is difficult'iti tell if there is a coneorduncc of receptnT 
mid: SP containing, fibers in human amygdala, however this 
coxitd he resolved by double tabling, for receptor mid 
peptide. 

in the- basolatr.ral .amygdnla uf ginned plo> and human, 
NK | receptors ure l;n^ly. restricted to GAR A containing 



inicmcuruus .similar to thai observed in the. frontal cortex 
[70]. In slievs Xrom rpimen pig bruins, activation of NKi 
receptors elicited inhibitory post .synaptic poienuals/in the 
majority Of basolatcrti! projection neurons consistent with 
release of CAB A 170J. However, employing -/uwwi 
jecordinf.from anesthetized rids, iriniophoretic opplic«ti«>n of 
SFelintad i-a prolonged, but slow unset excitation of nyui ons 
in the medial nucleus of. the amygdala £71). The conflicting: 
results ure presumed to reflect ditlcrcnl synMptic : orfta:ni2ation 
of the various arnyg* la loid nuclei, but species dif1w-enceR,-as 
well as methodological diitereJK.es inherent in in viho and m' 
vivo recordings cannot be ruled bui; 

Siiidies demonstrating u reduction in SP levels in the 
amygdala following chronic, but not acute antidepressant 
treatment [TO] tni'cged a role for subsiani;^ P in tr^ antide- 
pressant response nhhough the relationship between paltered' 
levels of SP and mdidcriressant it^ponSc ; is um:le;u., Roth 
w:rotonin as well as non:pi»iephrine rc-uptakt; jnhihitors 
lediicedSP levels. 

Sttess-is^thOUght to play a rote in the etiology ^fiilepref;-. 
siunvand contribute io thu. «t|nsndic rolnpscs^iri individuals 
siiffuiiiie fVom depression [73]. A variety of preclinical stress 
pturadigins Ixavc been developed such as', immobilisation, 
social deprivniion and maternal depiivntion. Following 
immobilization^lress c-fos positive neurons vvetc^observed, 
in the central nucleus; of tliVamycdaln suggesting aclivalton 
of thusc t nomons by. stress (74], IniererninRly,, many; of these 
neurons wcift surrounded by SP iuununorMctivc libers, 
suggesting SP input (directly or, indfejly) onto these 
neurons. This is consistent with SP contamin»» -projections 
.from thc-medial to the cuntiril nucleus and, the piese^cc of 
NKj receptors on central nucleus neurons; lmmobiluuiioii 
stress also leads to a decrease in i\w number of N K\ rewp- 
tors in the aniyiidaln |75]. The decrease in -rc^pW .number 
may represent endocytosis of somatodcndi itie.:re>^ptnra as 
the NK j receptor has been shi»wn to undergo intejmili^tion 
followinc. agonist stimulation m release Of. endogenous 
stores of SP [48,-19] as discu^d;;pre^i6vsly: Intentalization 
of teN^i iveeptor in msponsc to stress wus -directly tested 
in- jtcrbiis that express; an MK| receptor ;wiijv^liun^:likc 
pitaiiiiacology allowing one lo examine the elTect of- nonpepr 
tide NK, receptor ariuigunisis. ; Smith ef. al, P (1999) (7fil 
bbsurv^l that immobilization sliest (I hr) increased NK, 
reeeplur inlernnlization in the basoluteralnncleus of the umy . 
gdala, iuleipieted as reflecting local release of SP. Prctrcat- 
mcnt with an NK, i^:cptor antagonist. blwkWtbc receptor 
Internalization, however acute administration of -iinipraminc: 
was without effect. Nonetheless^ chroni^ 
uiiudepres'sahts to rats has been shown to decrease levels of 
SP in the nmyedala suggesting: tliat reduction ,in SP 
ncurotrahsmission may undcrlleUlic aeliojis ;ofy?oth NK] 
iceeptor : antagonists and^ 

When separated from their' mothers ahd,;IHtermates, 
iteojihtes.em It vocalizaliou^ thal are blocked by- prctreatuutnt 
with tiTixiVily tics and antidcprcssaniti |77 i 781.;ysihg maUiinal 
'scparutiuiMis the stressor, Kramer W «/. (I99R) .[79] showed 
that inlenidiization of NK, receptors in jUfe basolatcral 
amygdala -of guinea pi»j pups was increased. 'The vocaliza* 
i ions In guinea pig pups coiuuided with receptor internaliza- 
tion and the vocalizations could be blocked by intra 
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amygdala infusion:, of. nn NKi receptor initnf.nnist [SO). 
Finally, in a prclimmmy study, NKi expressing cells in the 
basolnmral nucleus were ablatad by administration of a 
stibslUnise P-toxin conjugal, substance P-saporiu, Cells 
cxpressiupjhc NK,.reccptor selectively lake up the toxin und 
arc :ktik'd.-'Animals; administered this toxin exhibited reduced 
anxiety as measured in ihc elevated plus mn>.e (EPM) arid in 
the open flcid tcsi where they* spent less linn? immobilized 

m 

Tim evidence A$uggcsi$ that- in' addition to local SP- 
ccumiHnhg jntcmcurons modulating the. activity of projection 
neuroiisV amyj»daiar cTftrcnts .wuiaiiun^ SP may also: 
partiVipate;in iii^in&cncMfi- in other biiiiii areas. Tor example. 
SP^on'taim^^ umygdala> to peri^uc- 

ductal ? gray XI* AO) [83) where in ftsion of SP agonists also 
fifeit anxiety and avcr^on' fa37.86j. UUmunute containinrj 
nWimiis in the PAO^arc the likely targets of SP as u majority 
otooils labeled ofbr the NK. aTupio.- were also positive for 
ftiiuiaiftote [87]: 

In 1 summary, the- amygdala is rich in SP and NKj 
receptors -that likely pat lidpatc in the. respond to tfrcsr.; SP 
is leased inrthe:nmygdn1n by, a variety of siressois and 
acliviitk : thciNIC,:'reccpt6r realized in GAB A containing 
ihtcmeuibns, -NK wreccptors in th^umygdala and associated 
iprojcction^areaij: pmticipaicjin thc.^piti^ion of anxicjy-likc 
i^haVio^^ diseased later njv«s rise to 

behavior^ 

ridR^Aii R&pilk 

Antidepfwauits am thouRht to elicit ihmi ' therapeutic 
tifiect ?a«;;a: result elevating levels of serotonin (5HT), 
forduain 5HT arises^ from - cells ihi th^ dorsal and median 
raphei';while.ri^ is#e;5HT comaining rills of the medullary 
rapher^at projeef io die .spinal cord. In this int,;5HT and SP 
ard coiocalizcd>\ntluii cicnrons of .thc.mcdulluiy raphe nuclei, 
however -there is no evidence that SP serves as ;m iti* 
tiansmi ttrlr' in' fo'rebrai n projeeiing median and dorsal raphe 
syslcms i» (he mt IR8-90J. Nonetheless, a delicate network of 
'SiVimmuuv^^^ 

in -/the ventral portion rif the pRN^s-becii 'described [?Ur 
Snmc^ of these fibers nt uy nrifiinato rtorn the •habenuln miclei 
..'fj?21r ; An electrons microscopic anrhdoublc . labeling ^tutty in 
the bRN ' andVadiaeent . periutiin^ncral gray area indtculed 
• 5HT labeled terminate :makc=cojitut:ron SP contairiih^ .sornu 
^and dendrites^ aiid ihvnirn iSP cdnlaunn$.^rmina„lx appose 
OA H A cbntaimng cells [91]. Immunoiocaliiiation of the NK| 
rnueptor to GAD A posiii v* cells in the DKN has been 
ropofitVrt fv^l, however (his is ai odds with other repoits 
discussed below suggesting Ibculiitfilion to Rlutamatcrgic 
containing neuivns. 

Gcneiiil autoradiographic surveys of NK t receptor 
distribution! in. r«] -U?ain>Kave reported moileiata'to. high 
densities of binclinjj riles in- the dorsal raphe [25, 95, 9,61. 
-Siiiiilnr lesults^are obUiincU usmg : aniihndia< against the NKi 
receptor [64 , 97) , which provide a mure detailed ariatwrical 
rcsolution-iT^ identify the 

phenbtypo of the veil expressing, the NKi receptor. Nl<i 
receptors are- not .present.ori scrotoncr«ic ceils but ure found 
in -the in^un^n>^irr6uhdihg a f 5HT' Itihetlcci celis . l»7, VS.: 09]. 
The NK i rcecpjms n re likely to be present on f.liiiamawrgic 
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cells in lite URN fR7J which is conadsivni with electrophysio- 
logical studies disiuissed below. 

l herc is limited information on tlw dtstrihiitinh ol'SP and 
NKi receptors in human DUN. In conliast to tho rat, 
substance P and serotonin arc co-localized in a significant 
number of dorsal raphe fieiirons of primates indudinu man 
[100-I0?.). However, low tevuls of ls r K, receptor - inRNA 
expression m& binding site's are fnund in the'human unU 
monkey in. contrast ro the mode rule to high density found in 
rat [69; 103 J. U will be important to confirm mk man the 
tnported low level of NKi icccptors and to iUeutify iheir 
cellular localization ul u level nf anatomical detail fapprO- 
uchihg Htal avajiablc for the ml. 

A number Of studies with N K , receptoranUigoiusis^v. 
euniediOih in the guinea piy due to the N'Kt receptor' havini; 
a; similar phnni\acnlojry. in guinea pif>rahd humans i 1104, 
105J. Sysiemiiv injection Of an NKi leeeptor antagonist (L- 
760735) increased (he firing of' DHN neuiiwis, :f;!j!H . 
However, there was no effeui on cell firing following direct 
nppliwtlion of 1.-760735 into ilin ORM consiwcht with a 
paucity of NK» rcccpiors in the guuien pis;ORN. r,imilarly. 
Mn a slice prepuratioivfrom: guinea pig brain, tuiiiher, SP nor 
1^760735 allected the firing of DRN neurons. Howcvnr^ 
iimtophdrcsis of L-760735 into tho lateral habenulu.elicircd n 
2.5ffb!d increase in thc^irmg rni n^i > f/DRN cells ;sugges!ii •»* 
that a halinhula-DRN pathway in ay lie responsible for 
driving lim- activity of DRN eells. \m ability to 'detect 
increased DK.N activity following. iontophoiiuic l application.< 
of an N R| receptor ani:njnnist to the habcnula J \ npj ics ^cither • 
n widespread innervation of thr. raphe by individual cells of 
the'Jiabenula or a grcater -'spread of M antfl^ohlstthroughoui 
the habenula than may normally follow iontophoresis. The, 
habenula-OKN projection, at least in the ;rat, is likely to 
teprcsent a monosynaptic G ABAergtc circuit 14 06] c<)ihmigh 
there is also a polysynaptic paihway that is thought Jb he 
mediated^ in part by Sr 1*2). Thus, in the guinea pig, blocks 
adc of uii excitatory SP input onto habenula neurons appears 
to release the URN from inhibitory GAB Aergin inpR 1 arising 
•inthehabehula. 

In the nit, appears to influence. rapln,;,-ceU' tiring 
^hdfectly through gluUmmtergic, intetneurons; hi a slice 
^piepnmtion^ SP^incrcased exeiiatory post synaptic eurr^nts in. 
5HT neurons that was blocked by iadminist ration of 
glutamatc recepi or a i^igonists [ 10V): Th in is : consi stem i with 
the 'report that, -50% of NKi positive cells in. the t)M are 
also pbsitivc rbr gluuuuate ^87) ^ 
latroaints a very dillbrcnt picime { 1 081 » Recording frnnv 
URN cull* following Infusion of SP, die majority of: eells 
exhibited eitltcr pnre inhibition (o6%) or a transient 
excitation followed by a longer lasting inhibiiiiwi ( 17%) with 
a minority of cells uxcited by. SP. A ghitomate antagonist 
blocked the inhibitory us well as the excitatory aciionsof SP. 
Hlie SP-clicited inhibition was also prevented cither by 
systemic or direct infusion of a 5HT, A .aiitaepnist s\tggcstiug 
that the inhibition of DRN firing, could be dufi ^to local 
release of 5 HT« These con fli cling results could - residr from 
sampling dirtcrcnt populations of neurons or bc^ ittfluenced 
by llic ul«eticc of an intact neuronal input, in the^ slice 
preparation (e.g; noradrenergic input) or the use - of ane3 ; 
thftsia In vivo. While the effect of SP on URN firing needs to 
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hr. resolved* xhcrc-RppuU rs to bc^a consistent fliulitit* Hint Sl> 
mediate*: Us effect . in tlni ORN, at least in purt. through 
gliiititiuita. 

An inhibitory effect of SP on DR N cell firing is consis- 
tent willi rtiprww thai a reduction inlNK.) raptor function 
was assoeiuted vvith nn increase in activity of DRN neurons. 
Santarclli e\ at. (2001} [lO 0 ! reported an mcntjwtt.iii the to 
viw. basal tiring rale uf HRiN neurons in mice (129 SvEV 
strain) with genetic; deletion of ihc ^K t receptor compared lo 
Vvild rypft controls (however sHFror},er ct aL (20°U I'^W- m 
wild tyju: controls they observed a simitar increase in the 
firing of DRJ^ cells following systemic administration of on 
HKi rcccptorantnijOHist. Increased. DRN iiniivity was also 
obtained" in i guinea pigs nffcr;a single adminiiflralion pf.NK, 
antagonist [103] or ioltbwin^a to 14 days of dosing iu;rais 
;{lJ0).:la e/meral a 2-fold vincri/aw in the basal activity of 
DK(S celly* was- observed :in ciJliur Iriwckout: ariimala- or 
ianimalVircuteU vvifl> nn^NICj ;fcecpujiv antagonixt. In contrast 
ito guinea. pigs, huwhich NIC,; receptor media liul .clwmftes in 
ilie activity of DRN "jieuroiis- appears mediated tlyro\\r,h 
ilmlknua-DRN affcraits. 'it has been proposed that NKi 
•vector antagonists^; acting locally increase, the. firing; of 
" U i<N C itl i <i ^ i n part througH <Jcsci i «t i i xa tion.of 5 1 IT u receptors 
iocate^uii^HT^ntainingncuroiib-. 

. 5HTia rwep.fors; are s6matoderu)rirSt:ftlly localized to 
•5Hf cowairiingceiils in the DRN where ihey provide n»m 
feedback' to ;'comr6i ^Uy aetiyify of these neurons [\\\)Jn 
vivo, the reduction; in • firing of 5HT cells following LSD 
(presAimed fuilit: mem'atcd'throiigh ilje^HT, A receptors) was 
attenuated fyiiuwhig subacute or el i runic treatment of rats 
wititlfc^ 

ari»Vicu1 that LSD has a multitude of phannacologieul effects, 
however a simitar effect J was oftswved in NR t receptor 
krioekout: mice given the selective 5HT, A auiorcceptor 
agonist*^^^ lyiie control animals 

the "effieu^ reduce DRN cell; 

finng was sj^iifleantly/ntlom with h loss of 

5I*1T{ a receptor function in; these NKj receptor kfiwkrmt 
mini! (99; 109). I3ehaviomnyi8 : OHDPAT-inrluccd hither- 
miu was; also: Himinishcd in tlio NK, receptor knockout 
micciWj. However; it is:important to note, that administra- 
tion of 51 I'll a receptor nntaRphiSts has been shown to be 
without ? effect: or produce only a .small increase in bhsJil 
•fiiingVrntw'fevicwcd in Ifineyro^Md Rlier [1 V2J),.Tliis;may 
:bc-due iu;p:ut;totthc cflccts ofianestlu:tics and. a suppression 
xfba^l^ 

that in freelr iiiovuig cats the 5HTr A receptor antagonist; 
WAV 100635 t hc?fc« ; iiel i - fl ri ; by 5.%; j t d in on 
Uie bchaYiorai state of iJie animal; I lowcvcr, an increase in 
firing rate following; treatment "Willi cither NKi receptor 
antagoniuly or in. -NKj receptor 'knockout mice has been- 
observed under .conditions of ancsthesi u. 

C6mmohs^ndi Viil«niino [87J proposed that NK, iccer* 
tors on .glutamotcrgic, cells excite a subpopulalion of tells in 
Hit: doffiom©dial>DRN that in turn inhibit other cells through 
the release of 51 IT. acting on *HT, A aiilrireccptois;, If NK t 
Tceeptors on giuiiunatc neurons arc guiunicnlly deleted or 
pharmacologically blocked, the "inhibitury" 5HT neurons 
aw no longer activated and the majority of DRN cells would 
be ;i^h^rl "from inhibition consistent with what has been 



observed, furlheimorc, tho finding of Liu and A^hajanian 
f 107];;ihat activuliou of NIC , receptors increased ihufiiihg of 
DRN cells through excitation of a local population of 
gluiamhtfer'gic inputs could be. leeoncMcd with Commons iiud 
Valentino if one assumes Liu .and Aghajanian; were- rc* 
cording from a population of dorsomcdinl DRN cells. 

If blockade of NX , receptors ueti vates the. DRN. thcn the 
failure to find an inciease in 5 NT ncurotniwiiiiisaipn in 
terminal areas of Ihe DRN is surprising, although, »b .-rtaift 
only the frontal cortex und hippocampus have Own ca- 
mmed [79, 9.9, 1 14, 115J. (H. Kolyma, Pftzcr/Orotoh USA, 
impublished):. Whether the 2 -fold increase in cell firing 
insufficient to inr.rensc 5HT in frontal cortex and 
hippocampus or nhnrnadycly the increase fte iiociirrjnR in 
other areas remains to he determined. Snutll ehanges in 
discrete areas similar to the modosr change in ^.HT , ; tut n^ 
ubseiyed in mice lacking 5HT| A receptors would be, 
-expeeied: paUlcularly if dcserisiii/ntibn ;6f .the 5Hi) 4 \ 
receptor p)iiy.N a role jl The amygdala may represent an' 
interesting itrrniiupl area to look Mr changed: in ^HT given 
the localization of NKt receptors in thc dor^rTurillal nucleus 
ofvthc DRN which iit turn projects :to trie «mygdab' (l I ?). 
•Confirmation proposed rc^io-selcctivc excitattOTi nud 
ihhibition iif DRN cell tiring is needmli 

Tlie excitation of the DRN hps been 5ju«gcstcd to 
contribute lo.Uie antidepressant ctfecis ofiiln: NK-j. receptor 
antagonists; llbwcver; the failure- to find chaiiges .in 51 IT 
(elease in, terminal arei^eoupled wlih the lack of sexual sidb • 
elTeets observed in the Clinic suggesf «>ihtlc cn^,onuher 
5H-I; system. Fuithennorc; given the dilTtiient localization of 
NKv receptors in primates and rats^ 'exCmjiplhtihp,; the local 
action of MK, reeeptoi s in rodent DRN to' that of -iiian inay 
ho micationable. 

LQCUSCOKRtlLRUS 

Since the discovery, of the tricyclic : ■anlidef>i^^nta^t]h^l■ 
selectively block the ieuprake of norepinephiliiCi {NH^ 
considerable attention huy focused on the rolcjof :N£ in 
deprosinori [I ! .8-1.201. The locus coeruh^i is, -(t-G). contains a 
'majorityof NE containing cells t^ 
^throughout the bmtn. The frontal cortex, amygdala, hippo- 
campus and Ok dorsal raphe yll receive NI: input. 

Rariy studies using ladiouhiminoassays reported mo<io- 
raie to hif.h ..lavcls of SPL1 in.- the/ human LC <165J uiul 
reviewed therein). Using immunuhistr«hc^istry ^cvertil 
labbratbries have, reported a few scatk^ud fibers positive for 
SP in the liumun LC. [I ?U1221r although a felaiiyaly idcnse 
network ot fibers hdjn :»lso been reported [123]; The LG 
t^ntiins a high level of-. NK., rector mR^ A expression, 
wnsiiiten? whh the hwderule to dense jahelinrt of 'binding 
Sites delennuusd by quantitative aiitoiailio^-aphy l]V.^9r 
124Ji The high h-vnl of message and binding sites in man 
sij^csts thatmany ot^ 

intrinsic to the LC. A3 discussed Inflow for the rat, it would 
be inler^siin^to know if the NKi receptor i^ exprcsied .on 
NU canlaiiiin^ cells in man. 

In the rat. SPLI is localized to twimihala tbnning 
axondendritic eoniauis widi Tl I positive cells 14% 126). 
Autdradiographie sludie:?, usint; a variety of ligamls have 
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described dense binding to NrC , receptors in rat LC [25, I 27- 
I30J.1 ImnMmrthistochcmical studio rtmfiim a significant 
density of:NK K receptors in the LC [97] unci double labeling 
studies local ae the NK: t receptor io numdi enefgic containing 
ncuronswith the majority of-NE con wining cells positive for 
l\IK 1 rcceptorsl94.a3 N i, 1421*. 

The- mtyonty; of ~ccil«i in the rat LC are wtciiud tiy.-. 
iontnphorctie application of SP>with a. lime, course Iluu »«■ 
slow iivionsct and exhibits ^no tnchyphylaxis, [133, 134J. 
Siwffaf?SRltrS«ce : ^ onscrycd'lh' " 

sUcl^u^io^^ 
as^well'alW^ 

f 138]/ VVhilCiSLi^-xeitatprY; iK$ effect. oj' NKi. receptor 
orr*^*^ 

-i§^imtaRomsts : ^ to be without effect on 

busui^rulng-twr^in .rats (139J iuid .guinen pigs (128, 137, 
J^T'HOi 'olthoiJcH Miiiari h aL (2001). rtjpiiitfirt a 50% 
increase in ririiig rates. fpllo\ving : administration of 
GU2U51V 1 [l i4]r Chronic admiri^tnuion of on 'TjJKj 
inntagoriiSl , (L-7307J>) uiiiV not;altcr the; tUtng rate oM£ 
neurons, howe ver in pumvi pfes it induced; an jncTe'u»e In 
. .rtiurst^rinis^ rBUntlMy-ToM^"*--- ousted* foll'^^ 

££.not!d^ «2 iw^iors Mipgcstini; 

^4 f that 'it WBS^ih v fluei^in| the' hur$t> activity of LC; %«toii8 
;4 ^through" a di Thefmnu rate otXC ceuVin 

y"<:[ juiiriialsAvith a c flcneticd 

Vbmi described, but may hclp:to elucidate how NK, receptors 
^MnJlucne* the activity of tiCicclisi 

il»mcl3^ 

appitTatiorFoKSP is assent with clcvaU^leveis of NE'nv 4 

AttMnft^&' 'afc**' aVxiv;, antagonist, 

. ..... --v--j-2V^ 

^tcpqmkrit;: 



study II14J. Hovvever; in mice GR205171 is without hfTect; 
nn»^^ 

uiid\^urnr j oniw ; 0 f the NK,f. recqjton can; mcrcasci.NH; 
tumb'wr, ^iul cell firing; is unclonr. IJnilerstandin^ the 
conditions imrtcr; which -NKi" receptors we acdvmr.fi and in 
turn sto^ wilt be important 

given that receptor* arc: similarly iocalued io|gH|; 
containing neurons of the LC in ; both tnan anu^pnxiiiiieaf 
specie arid that stfffiiinSu^ 

biogw^^ 

SUBSTANCE P, NK, RRCKFTOHS ANU "EMOTION AI J 
ft!TjjAViO!l w 

In; gericinK n(fiwio,n!Of substance P imd SP fragments arc 
reported to ^H^^^ in u number of 

behavioral :aa5ays. ^ub5^.ni'e'P elicits* an angiogenic effect 
when 1n%sed Into Hhe : : ventrichis ( 1 41 1, dial is proposed. to 
rcVult from activationiOfKrC, receptors in the lateral septum 
(142, -l&j; Microinjection; bf;SP into the dorsal pniiaequc. 
dueiai: grdy :also increases /anxiety • as measured in the 
elevated plus maze [8$]^TIic anxiogenic activiiy.uf St' can 
be nttcinuaied by low^osw of nitric oxide inhibitors suggest- 
ing thui iiitric/oxidc.plays;sornc rolu [144], Interestingly the 
N.terrnimd , frt igment SP 1 -7, which bus- little nffinity for the 
NKi receptor, elicits on anxiolytic effect when infused into 
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Iho PAC1 (145, 146] and in the mmmosct predator model of 
fcarAinxieiy (147). Furthermore, nil NK, recn>for antagonist 
docs not block the anxiolytic effect: -of SH1-7. Tims, the 
anxiolytic effects observed for SP may in somd;ctf5i*t .result 
from generation of Hie N terminal fragments of SP. How- 
ever, SP has. been reported to have anxiolytic effects, when 
given systcrhically 114$) or whan infused into the ycntrul 
pulliriiim, an effect that is utienuaied by pmtreatment by the 
NK, receptor anttp>nist WIN 51 70S (14?; l5,n].sua8CStinM« 
SP-induceu' : «nxioly»is in the ventraLpaliidtnn is mediated 
through NKi receptors.. Despite these findings, SP bus been 
show to bo angiogenic in many brain areas and in n variety 
of behavioral models consistent. with die proposal that ante- 
"gpnists of ilm receptor are anxiolytic. Tins is iunhcr buttrcs- 
sea by a nuuiuor of smdies demonstrating anxiolytic and^ 
antideptv^unt, activity of NKi receptor aniagijniRi.s in 
preclinical behavioral models. 

PRECLINICAL ACTIVITY IN MOUEUS: OK 
ANXIETY ANl) DEPRESSION 

Them arc innumerable ckpei uneiitnl : models of anxiety 
mid depression that arc used preciimbily; Tliiv. face validity, 
predtctive validity ns well as Hie -tcmoiionHr state the 
'various behavioral pmAdigtris purport to model ia. beyond the 
scope of this review, H ow ever . the. .wide rary>c ohassays in 
which NK i receptor ontagonis>(y anil NK i itccptor knockout 
iniw lmve shown u anxiOlytic ,, utid "antldeprcssani^^ctivity 
(* table ajgues strongly for a roliMof SI? in nnxiety and. 
depression and is' ytippmtorl by the .currently; tiytiJliihle 
clinical data,. In ;a3sesshMj; the eHecVs of NKj reecptyt 
nnthg.ohists in the various in ode Is , ^speci cs^ Hi flfere ncc a in the 
phuiinacotogy of the antagonists ^needs in I »e considered 
1104/ 1 U5( given ihat many of tKe :compotitulsilmye ; reduced 
affinity for the rodcnl.NK, rcccpior: and thus often lequirn 
hiph doses to observe tun effect; internrctation. Of these.: 
effects ^&engthc4icd by the use of "ntactivc' enamtomcrs 
thai cxhifiii negiigiblc affinity fort 

rPreclintcally the "emotion" of: tear and anxiety - are. 
opitr^ticinally defined physio logiail I y m xhange^ {in blcK>d 
pressntfti tachycardia, excessive glucocorticoid secretion or 
bchuviuially as avoidance, freezing w- e^jm^l-iSli 152]. 
: : THc elcyated plus nur/e (KPM) is often used lo tttst drugs for 
their anxiety rwlnciiig properties ?and liiet beeti used 
extensively to plieaolype genetically modified' ahimuls. Tin* 
RPM takes advantage of inioiinditioncd or spontuneous 
•pleforcncc for enclosed alleys mid avoidance of •open idleys 
with die assumption that open unns evoke a stronger 
fcar/anxictyr reaction tluni staying in thecnctdsed^rtnsr With 
respect to NKi rcecpior niith|»oftislsrthe^vidcnc^ 
anxiolytic activity in the : EPMiis emii vocal: Thus, struct 
tuning diverse compoutids, RP675«0, MK-869., L-742694, 
CP- 122,721 and CP-99,994 (Fig, 2) were uniiva in cidier 
mice or. gcrbils in the EPM H} r'doscs; that <lid npVeftcrt. 
spontaneous locomotor uciivity [109, IS3JS41; Furthermore; 
ih'u'iiijs ioiytic activity for KP67580 iy j epdrtcd to be cnantio- 
selective [1091. In contrast, when .tested in nts and guinea 
pigs, <ilU05i71 and L-760735 lacked anxiolyiic; activity in 
the BPM [I5i]. Tlte data derived from mice with emetic 
deletion of the NK } receptor arc also mixed with -one, group- 
reponiiVf, an anxiolytic phenotype in the T.PM f!09| while 
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mhers tailed iu observe; rcduecd anxiety in thcvNK, .imfiptnr 
Wnookomnuce relative to wild type controls [ 1 55, 1^61 TI.mc ; 

mouse siiniiis tM;;toi^ 

llowcvc^ encoding fur ^P/NKA 

yields a.mousc >viili^iva^Voty 

tlm^rM^^ 

Ih^cnnirast tOUhe emiiyocal^ 
NK; lecqitbt iintJi^nisis 4 ^consistently exhibit anxiolytic 
activity inahc socialtiutvia^inn tcsi. As witU Htc^EPM v thc 

tendency to ^ibtce ; social eoninct or enter, into highly lit 
'mens as a f^nciioii of an.animwl's s^t« of anxiety- and the 
icjceM'avcrw 

and gerbiiy acute adminiVlnitinn of NKj reeeplor amagomsts 
increased liHuliJration of »ovi«):cq« wct * n a nmnner similar to 
that observed with benzodiazepines [ 157- 1 60], Jntcnai mfclvy 
unh*aW^ 

any rebound anxiety upon* withdrawal in contrast, to : me: 
^ncreuiicd -anxiety e.g. , i edncr.^social intend inn,- following; 
witHdmwal fmm diazepam \\ 611. in fact, rubound' with- 
drawal froui:ift iday* of -uemmrnt with diazepam was 
Wockei -by ^»ciiU-aV administration of suggwtius ; an 
iintcmdibn^ 

AMuiuoJi able to. « I hamate the rebound .anxiety, thy N_K 
sy s\ u „r % not" Acquired for the anxiolyln; activity of 
benzodiazepines Aincc' diazepam was- still able to increase 
cnto' into the- open arms of the BPM in NK, receptor 
KiiiVcknut ammnls [1091, 

Separation of neufintes trom their mothers and tiUerniates 
elicits distress vocatiz«iionr. (both audible and inaudiblc)nnd 
a eoneumUam; increase' in. plasma levels of aCTH and 
Cortisol 177; 78]. Anxiolytic compounds, 5HT and NE. 
uptake inbibitory nnd recently NK, receptor antagonists have, 
demonstrated aeUyhy. in ;tbc separation- induced vocalic non 
paradigm. 

.ln^giimca pigs that express an NK, rcc.cptnr with a 
pharnttcology similar to thulof man, a variety of shucturally 



diverse NK, receptor unta^onimbloeki.'d separation-induced 
vocaUiatioii and exhibited bdiaviorai effe<;i^: similar ^to 
diazepam and bnsinVonc >and the<nn^ 
iiiid vcnlataxirie [79» 137, 163]. Ait^nilar anxiOljnicVantidft: 
pressanr phenotype was nbscrvcdv in the NKj. rcccpior 
krio^but mouse fl0<> ? J3S]. Similarto the reside obtamcdm 
me lil'M, diwepam reduced yep^rnttoh-ir^eed yo^bmon^^ 
in NKt knoekout mice [1<H>J. Almmigh diazepam ;blockcd= 
separation-induced vcicalization in ^iiockput and wild type; 
mioe:a^wc\l : as in guiu^pifiS, it did jioj 
induced by central infusion of a Sl J agoni^^ hi guinea ptga 
(164); line stilts that, (lie NK, and bi;>u?odia2:epmc/ 
GABA isystems act to redut^ anxiety through distinct 
mechanisms, however it may be Uitough activation of uinulnr 
pathway^ For cxtuuple, as with the benzodiazepines, NK t 
rcceptdr aniagonists may/tHrr.ciinftithrougbaUe^ornygdala to 
reduce anxiitty. 

^he;uihy&dn1a has long beenvH^oxiate^^ 
fear 152] and may play a role iu voeaiizatioiw elicit^ by. 
matcmaV dcprivuiion [1«J. Krtuaer ki al. WW) [M 
demonfitrated'that sepyiation o^BuiheH:pi^pups ;1rorp their 
mo»b«, s for 5 minutes ii »erea5Cd NKi f^pior intcrnubyaittoiv 
in iW&olaieral nuelcuq of the amygdala sugncsur.^an 
ihcreiistf in SP release. This finding has been repbcatcd lU /] 
and the rei;uttR further clttboiated; Analysis of the time 
course of the vocalimiions and rc^ptor. intcrnali^tion 
indicated that the time at which the number of w?11s 

exhibited leccptorintcmuli^tlbn corresponded to the peak ui 
vocaiizaliunr,. Infusion of un NKt reeeptor-nnia^pnint into the 
basolatcrul utuygdala blocked sepatation-induccd vncali^a- 
tton in.«\tinea pi^ pups further >irAii£ihchlng the. rule of 
um^'ilalar SP neurotnuinmission in vlieifmj; distress yocab • 
zati6n [S0V However, iu^ 

dons in guinea pie/and rat pupy bad no clfcci on intcmahza- 
tion of NK, ici^eptors in the gerbil (76]. U wonM be 
interesting to dvinohstrate \vKeUiei f in the same species 
iinlpramme was able to re«luce vocalizulioii'Vndcr^ndcnl of a 
reduction in NK, receptor iiiternalization (i.e. changes m 
hcurbirahsrnissioiO. 
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h oiw- with the need » aU.uini«cr «rtti«teprC»ui^xhlom.^W 
•IV forced 5*im (HST), tail aspens «t W * J I C g<3 bcnefit . , fl J te *»to«y 

olfaS'ry iSciniy ^»« models ,.«d 1* d«cc«n» ^Od<t^:^>» «*««■ 



m $nhtmtf*P and thitf/Ki n^r^uar nan- « Hole 

Mice -1ni;kmgw*her the NK t renuptnr or the gene nncotj- 
ing Tin SP/NK ; A cxliilittcd a decrease in immobility time- m 
the FST similar to Uint observed willi SSRl* and TCAs 
suygwtimz antidepressant potential UO'J, IftO. f07 ? 168]; 
CR205171 wiiji also active: in (he-mouse KST alUtovflh \\nth 
mnrpjnal cnuniioselcctivity \W*}- W™* '«uUs were 
utoninrd in tail suspension panw.li.Li*"- Tn« phenoiypft 
observed After, deletion of the NK, ivueptor or SP was 
consistent With anutepiessnm activity,, however both 
GK205171 and 1.-760735 wcrf/.inactivc in mouse and 
gerbil tail ^u&tmsibn' assays i.espcclively [153,- 167];..; In 
eTrirttrast, r.anta«pi«wonfcactSViii wa^obtaincd wnh 
of other. NKi- rceontor ontagonisis in the gcrbil tail 
suspension assay. [169). Although-^ 
neither riR20517t nbrX-7ri0735, close uiin1or r *«f L-/607Ji> 
were active (i.e. MK-tt)6v\ ami ! ,-733060). IfnfiM innately, the 
enanlioselectiviiy ^of : ihc dru^ effect was- no! evaluated in 
these nnpers. 

The olfacUJiy- bnlbectomy model is another antiti«il ,,Br »* 
sunt mrtHcV in-whiehr^inoval of the olfactory. bulb in mice 
and wis -elicits an increase in open Held activity that is 
rcvcrsduV> by chronic wuldeprftftsant treatment Olfactory 
bntbectonnzed iince with a;de]4Uion. of the gene cncodinp, for- 
SP/NKA- did not- increase rhciropen field activity relalivp to, 
tsiinm operated' animals and'- were tu^nnoamly ; less active 
than thf^iwM hI so been bulbecto- 

ini7.ed [ ! 67 1. It /woulcV W imcrcslihg to know if .infusion- Of, 
Sl'rcsioreU the HeprcsHed pjienotype; 

Chronic mild stress •JeA^oich««i»s1n-tlu::ti^l^toiy 
and behavior o^ 

reduced re^onse. lu lew^rdinR sUnuili uu measured by.dimi- 
riisiifd consumption of Wurnfc This-rcdiu;od consumption 
can bVrovem^ untidepressahti or 

electroconvulsive ^hock,^ 

Five of treatment with- the NK. t receptor 

imtarumist NKi'608 reversed the stress induced dec/reuse: in, 
' oonwmpiii ; Witomit affecting smi:io«c jnta^vm-; 

non^tresscH.animals LH2J; Clivcnthe low dosus of NKJW ; 
that wore tici we {(0.03 and 0 ! nigfe*)* and themwertcd; dose 
response curve, it /would beviulercstmg to replicate these 
finding us, well as those; bbservmt in the olfaotoiy 
buibtujiomy.modet with other NRrrcceptoi-untanonisu. 

Pboinr |: .:animab into RtrtwfuV situations is the major 
iciUutv oT m?my Sf models of tli^mssibn.. A 

nuiibcr of jnvtetii^tOfS have uVmonisirated thai l)stms*i*a 
siRniiWant contribSSnr' to the development of depression 
J7V1 2) there are ^mftcarit . redueiimw in hippocnmHa! 
volume ^ in^eprcssedpticnts 122], 3) suess I™* a significant 
cfieetvon neurogenesis in the adult.hiippocampns of. rodents 
[i : 73J r «n*l -ny^wAifc'if^tmwil- wlil^airtWcuT^^n 1 ^--"! 0 .* - 1 " 0 
effect of stress and increase nit.uoe,cnesis when. given alone 
[174].- For -cxaiiipleivtolJowing maternal separation rat pnps 
cxlttoir% ; reduction in ncnroRCncsis with corresponding, 
decrease im liippocampal volume that can be ptewnted by 
chronic tre»onent with fluoxetine \ I 75). Male subordinate 
tree shrews subjected to chronic psychosocial stress by tlnly; 
exposure to dominant animals for 35 days, exhibited 
'decreased cell proliferation and- htppocarhpul volume, [1 76J : 
-liowcver/^acUOinistmtion of L> 760735 or clomipramine 
;ermco™ fur 2* days attcntutit^l the 



stresiJ-indtir^l decrease in isel! production and^reduciion in 
hippOcamp;d volume 117?}. In a preliminary, investigation, 
iKurogcncsis'wan increased m.ihc.hippocampus ofmicc with 
a ftanetic deletion of the NIC, reenptor 1)78]. .Although 
untidepressants Increauul neurogenesis in wild type wunnols; 
no furllwjr increase was observed in the knockout micCi J>ince 
the knockout mice ulVeady had clevuluil levels of 
neurogenesis, it is unclear whelhai this rcpreseuis' a oeihng 
uffect or that botli citalopram and decipramine w^re nctinR 
throufth a common mechanism, the NKi receptor. 

Taken together, the behavioral, data support an aiuMe- 
prtjssnnt profile of NK, receptor uutagonisLs and although 
nii^djKe results suggest mm the NK. r ,ri : eepior antagoni^ 
may also have anxioljtie^Hliivity, 

CI JNICAL ACTIVITY 

hew. cxj>erimenis havi^ been pcrtomicd to examine the 
cficct of bttess on levels of SP- in man/ Blood samples 
obtained from 47 inexperiehced laiidenvparachuti^ 2 h 
boforr. immediately after, and 1 h «0e.i a paracKule jump 
were imaly^d for plasma cnncentraiioiia : of;substanec V 
Subsuuice P conecntnuious wnm effected by l lift Jump. Stress, • 
however, subjm-ts hiftheif tti ansmiy atithc point of,iumpmg. 
(exit) displayed higher substunee P values ai.utl three nmc: 
points "compared to the. "iow-anxiety" jnin^rs [17V], 

lira second study. male volutHeers werc:stibiw;ted io a 
bntttt»y of psychological trusts at the hei^bt^f ^the Iraat^ud 
missile attacks on Israeli ciiiM during the a 99 1^ Persian Ciulf 
•War 'anff uguiii after the cessmlon of hostilities. Venous 
blood samples Avtne taken at each tim« poini.;P5ycho)ne.'cat 
ivsrtiuc indicated levels of anxiety were lii|»|ier during the war 
thai. Uiey were after the war ended; and Jiotlv;anxtcty uud 
anger durinfe the hostilitiw were signirieuntly^fttevated m 
comparison;with prewar data. LHiring ; thc war phwma levels 
of substance P went significantly eliwnted 

Although limited, the data suggest lhat'SP is elevated in 
man as a consequence of stress. 

^1? liByF.lJSiN DEHIiESSlON 

iii ii'lie CSV of paliehtfi wiua major uepiessioncompuied 
to schisophrenics and n'omi'al conimla. Tliey noted hoxyever, 
that the SPLl mMr.rial was likely in be C-tcrmitml fragments 
of SP. In addition, they reported itUwatcd tcvclsfof ;tltc N- 
imffiti fragment SP (J -7) in thc-C^ of depressed patnn it?; 
fliis smdv was followed by another study in schtjpphrenic 
piiiicnt5, bufhad 3 patients with depress inn as-^ part of n: 
psychiatric control group. The:moan CSV SI' concentration 
of patients with major depiession was higher, than the 
corresponding mean unnccntratibh bribe omcr palieutirin the 
uonschixopKrcnic gronp fl32]. SI'U levels appeared similar 
in u study of acutely muuic, cnthymic, or depiesscd unmcUi- 
catcd unipolar and bipolar subjects jn addition :tn a second 
/outpatient group of euthymSc bipolar patients (on and .pff 
lithium) and nomtul vblunteers \mj: In this study n w } « 
noted ibot SPM levels, increased after a -utmrsc Oi freeze 
thawing t"hat raised methodolpgioal concerns; A" later study 
raised turthcr nmlliodolbgical issues roporting that SP (l r 1 1) 
ehuld not be detected in CSF sanipte, ImtHhat N-teimmal 
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(higmantt of SP CAtouled at the N-lcnuiiius or preprotachyr 
kimus cue present in CS K ( 1 84; * 851. 

Ivtoriesson ct ai (19«9) fl?6J in m °P en JI,i(l r of 
depressed iiiiVaticms ^^coiupletc.rti), looked at the effects 
nffluoxctme ort K-ierminoliy .extehiVr.il SP in CSI\ U hc iiuyin 
level of N-temiiii;»Uy- extended $P was unaffected by 
fluoxetine treatment With methodological imprnvenients tor 
itectin^RP and lta (Vasmems 1187] (fable it will be; 
interesiiin' to further cxphue SP conccnmiUons in (SV of 
"dcprc^U-pnucnts to clarify the levels ofthese variolic pep- 
tides. U is ofintcrcst given that SP (M 1) or SI' ,(7-1 1) 
interact with the KK i icceptor are Hiixiogcnic in preclinical 
"siiifliw-whUV-thc""N-iifti*i«i^ fhgmenb ; such ns (U7) arc 
oflcu found to be ahAiolyHc,.Jhus, dctcn^ininj; the relative 
nrvpoitlon of parent and fragment* might yield soiifc clues' to 
the role or SP in depression; Resp>tion of the conflicting 
data might provide nri opportunity for usin£ ( CSP jcvels of !3? 
.Vs a-bibrnarkerfur (Invasion. Clearly nlevatcd CSI; levels of 
SP v ftrc*nOtvHmiteu^n deprc^ 

a^ftro?0bKrve<J ; iu patients with chronic pim: syndromes 
lljilk Nonetheless, depm-ssion-like . symptom* .arc oHen 
fo"uml : iii patients suffering fvcini chronic pain. 

Iii contrast to lKc previous smdics meahiring SP levels in 
CSI< ( Boudy iti ai (2003) ^^ircd plasma level* of SP in 
patients With major depression 1 1 H nwever, pla$mn:and 
cereSrnspinal fluid levels v of SP arc reporied uv Ik positively 
correlated [ 1 90], l%vemy three patients, drug ft ee at. least I 
week prior lo plasma sampliuy, vvem compared to JS normal 
controls; X( ba^elino' tHe drug. IVee depressed patients hud 
significantly higher ptasma levels of SP than controls, 
Kullownip, 4 weeks of tieatmcnt with miiUi^pme (nf 15) 
paroxiiiiie (ii«4) or nonselective antidepressants (u-4) 
paiie^ 

thamtKpsc with inci eased plasma SR levels. 

Infusion of SP • pmol/kg7min) into 12 healthy .subjects: 
sicnlficantiy" increased Cortisol icvuls in plasma and 
svViVsencd subjccU' u'«iod f !9V]. Althuunli concern; with^; 
rolci'of SP -in dcprc^ioii, .the central cttccts of. peripherally 
ufomnisto 

if -SP' is elevated j in. depression .and receptor imenwli/a- 
lib&oeeur* in m»n in respond, to increased ncurotransiiib-. 
jslon onc> might twik& tb;^ binding to NK r 

Trilil* -Rcladvc Buidlng Activity of SP and VrMBiiwnU 
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rvueptors in postmortem tissue from depressed patients 
relwtivn.ui controls. Burnet ctaL (2000) liy'2),lonked at NK, 
receptor density in the cingulatt* cortex of subject .with 
.unipolar (n-id), or bipolar (n 13) depression. U.sini; 
'quantitative nutunidincraphy; there wasnn difference:™ the 
binding of l' 7S l]-BH,SP between the depressed patients and 
controls. If thc.density of NK t receptors in superficial layers- 
was compared to deeper. Uiiiinnc,. this ratio was reduced in 
subjects With unipolar depiction; Hxprcssing the binding as 
a ratio muy induce the intcTsnltject variability in fc'Kj. 
receptor /c^prwiSKuv, . nonethclcss v ttio lank of a*»gmficont 
overall decrease in receptor levcls^in cingiitoie cortex cannot 
bv dismissed. In a second study, the. binding of f H-DU-SP 
wa3 exumined^ in the rostral (iiliitofrontal cork-x (Bfoclmann 
area 47); of I2r depressed subject: The average bindiiiii i»f 
[ ,2 'i]-BH-SP ^ao decreased across all cortical lamiiiac [ 1 93), 
The differences btu'wtten these two studies are that the lot" 
study Wad a shorter postmortem intei^at. and ^mplcs werc^ 
obtained from a ditTcrent aiiticaVarea and Hinlied to the left 
as oppiisfiil to both hemisplmifts. 

While changes in $P and receptor number Hr^eor«isienr 
with a, roi« : iiv depression, unie must be taken not to^vcr 
interpret tlw results; Single cbncentratioh csUmaten of 
receptor deiislty as carried out in these studies falls pn;y^io 
the difficulty of dei:»iiherinA changes In: receptor aff"u?y 
froin changes in ma-pjor number, HurUier studies, are 
warranUid nnd may bcnviil Horn 'an evaluation^ of^iidVN A 
levels encoding the receptor in addilion to- binding. density. 
NKYi^cptors arc rapidly - intomal^d^ 
io Mitt cell surface or lysosomal degradation making 
ihtefprelattbn nf changes-in r^eptor number oiffii>nli awhile 
peptide. Jevela tefiect a dynamK> mtcrplay of yyutliesis, 
release and dc^^iiion/ThuSv W 

unlikely to aceurutfiy predict synaptic coiu^ntiatibnS; of SP 
oracti'vatinh of the NK» ret:eptor. 

CLINICAL STUDIES WITH NK, RECEPTOR 
ANTAGONISTS 

Sevftml. studies have been carried, out in depressed 
patients to cvahwte the antidepressant activity of Elective 
NiCi receptor unianonists (Table 4): Scientists froin Meirk 
nm- rcportca on u mutticcntcr, double ■ Wind study io: 21 3 
depressed subjects ruudomly assigned to'placiiVio: paroxetine 
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(20 mi»)-or M&$$9 (300ms). -Eilicucy measures using tho 
Hamilton depression and anxiety scores am! Clinical Global 
Inipras5i^«'-^ver^.s»lR-. .(OfilSI) were aikon »t weeks 1. 2, 
4 -and 6 hi .at termination ; of the. smdy. At week six, patents 
takihjj MIC-8fi^ M a mean decrease of 4.3 poinls on the 
1 1AM-D reUiuvf. to baseline ; cornp»te<l to a decrease .of 3. G 
points obtaracd with 'paroxetine [79). Fitly four percent of 
patients receives M&fcM, 4'6% receiving paroxetine; and 
, JS%'in.thc plieebb group had a significant icsponsc defined 
as decrease of > 50% from baseline HAM-0 score. 
Complcte^rcmi&ion" of symptoms occurred in Al% of the 
pAticmsareuted: ™th MK-8<W compared to 33 and 1 7%' of 
patients 6nVparbxyiHiic or placebo, 'icspectivftly. There wwe 
i>yu other iritcrcstinv; observations I) tin uuxiolyh'c effect wu.3 
obseived .wSfc MK-S69 in Shis population urderwessed 
subjects unit 2) the incidence of sexual dysfunction . in 
parents on tv1K&69 was cvusidcmhly :hcttcr than with 
^hT^ctiric;3%;vcrsin^ 7Mi % respectively; 

A second sittdy [i6]kcontfuctccl at. 19 she* with 4-dose 
levels (10; 30k tOU i and ^00 mg): tailed, with both MrC-oW 
aiid'Aunxerm^not diCfeittiit from placebo uonhol. Post hoc 
analyiiis^ stfatiiyini subjtHitr. who. scored > 26 or < 26 at 
baseline «u the riArvl-D- revealed n dow dependent detacasc 
m deprcsyivv symptoms, in the^ubjt^s witli>Krcatcr:dcpi^ 
xinn (>26j suggesting, that pftticnls: with morr severe degres- 
sion mifiht be Fnbtv UKcly; t<y benefit from NKi receptor 
nnlujivnists.. 

Kilmer el ql. ^0'04j" reported that blockade of-'H^i 

i 1AM-P scorwy at. the end of six wm^swith a-37% respundet^ 
latcrcttti^ 

anxiety -as mcasured% the riXM^A ihoi gronp of depressed 
subjeGt with a' mwtv HAM-tO score ot - 2$ with features ot 
melancholic^ 

no aciive Comparator in ^ihis ^ludy. In a presentation at Urn 
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Aviation of Bnroncan I'syeluutry (7.002),. Kjomer 
leviewcd an 8 week trial with $1 puticnt/arm and 2 dose 
levels of 1.-759274 plus paroxetine and ptsmcbo controls. 
Unfortunately, both the resjinnsc to L-759274nnd paroxetine 
tailed to ilistiiYftuish from placebo control, which lmd*an 8 
point drop in HAM-D scores [196]. Finally, a large Phase HI 
trial using MK-869 was recently itsporlcd in the hiy press- 
While detailSrwertMiot available, did not evidence a 

significant -reduction in II A M-D scores in contrast to the 
active comparator which whs sighifiemtiVy cUi?erenr;from 
placebo, 

Ciiappell recently rcvcaleil Jhe results of tv phase 11 trial 
in depressed put ientf, using CP- 1 22, .72 1 [1 97]. CP- 122. .721 
(10 and 30 ring BID). was tested in u O week* tfdublcblind; 
pkir.cho controlled trial with trupxctiiKV (7,0 ;mg) as the; 
compaiator. The subjeuis were mcdicatiuii Tree, healthy 
outpatients with a- primary diarinOsts of MUD with a 
minimum total score of 22 on the 1 7-iccm-l 1 AM:D: .Subjects 
were cyaluiiod »i I , 2,;4 and 6 week*; using ihc/H AM- LV and 
CGI severity index. At week 6 subjects "receivihg; placebo 
had on average a 7.5 point drop' in HAM-O scores while 
those on -10 mfi 13 1 U of CP- 122, 721 benefited with a^.5 
point drop. H AM-D scores of pdtiftnis on 30 ihg^P of Cy- 
1227, 721 decreased hy .12 -ppinls f jKVt«ito---tO-ihc.-J3" l«S?«t 
decrease an. HAM D scores observed^ ionKuWects^reeciY>iig 
fluoxetine. Furthcrmoiii, I ike M K-869 there is accumulating 
eviUwice with CP- 122721 for reduced ^sexuni-sule clTccts 
based on standardized ratine scales (AStX) mid Sexual 
adverse event reports. 

Glaxo lias recently disclosed (tympany w«:b sito) that 
n\V5975yy: was ;«;tivc aftainst GOrindticed panic ultack. 
with efficacy simiiiii ;to Alprazolam; as measured ,using/a 
visual nnatog scale;' this ^presents the first denionstrajion of 
Cit\caey<o.rNki receptor anthi>on)sts: against puuie- disorder, 
mrtHer extending thcit utility. 
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finally -i mating of NKi lewptors in human brain hnvts 
been- conducted ndim an 'V radiotracer with highest 
accumulation of the tracer occurring in utain areas rich-im 
NKi receptors such as the caudate^ putamen himI amyAdala 
[i'98J. Normal Hcftltfiy wly>'cfc wcircrtrcatcd for K ilayA.witfa 
MK *69 and then scanned at plasma' trough levels/of drufr 
Bulb 300 *nd..12Slmg Uoi.es of MK-869 produced greater 
than W% r blockade of the NK t rocufiinr, while 10 mgVivHs 
associated wilh approximately 60% occupancy- Although 
300 mg of MK-S69 was aedvc in ■depression nnrl associated 
with, at "least 90% receptor \otcupnncy, there: is^no data 
avaiUibk on the eU'icacy of tower doses of MK-869 in 
depression due: to failed iriuts in the. Hose ranging studies. 
If ^Kus, a K?ilile;nrnavftf research will be iu determine the level 
•of receptor oceupjuicy associated >vtth efficacy in depression. 

In nummary; clinical studies with three differvni:i^i»- 
■ pounds !" v boih : ,liiU ! , y 

deprei^iT^Avcll as melttne]H»l]tr pnticnis. ruahennorc.; lli*. 
favdrHbKv side r/fcct,prohie otvthe agents ^gcsts.a viable, 
therapy |>mueuiar5y for people a»xperi<:ncinfv sijyiiilcam 
Hexijabside effects. with ; currently available-auddep're^antt. 

hhsrtp be balanced agaiiisi;* number of iriuls in which 
NK, Veceptor antagonists tailed iu show activity. In addiiion 
tp-the previously ^ luentioned ncjplivc trials, NKPGOb* another 
NKi receptor an reported on Uw Novnnis web 

site to have been ienimintcd fmm ; further, dcvolupmurit for 
'd^iessibn alth^upji it ts;iinek^»r vyhether thisvvas due to sk«t 
ettccts or Imfvof cftlcacy: :fo:duU:,tlieic *rn three poaitiyc 
tnai?4n depression; one positive trial iu panic, several failed 
trials and! pt least :2 m^attve sludies.To puf ilui^e .«sults in 
n hitext^; approximately !^ 
wiilr^SRU fail to dillerc 
the;sucee¥^ 

SP- and (he NK, receptor arc localized to brain 'areas-; 
implicaled :in the pathophysiology of depression Tin: NK, 
rcceptphi^io often localized to iutemnurons in arcus sueli ; 03 
thcilrwlal cort^^ raphe nuclei where 

they are -obie de^nfluencc 6utput^p>lhwjiy« or in the case of 
the lociis coenjleus clirectly on the projection neurons, SP-is 
released ih' response to stress as measured by internal i/ation 
of thr NKr; receptor mid : bhtekadc of Uie, receptor, husvkttn 
shown tojniiicate.the etTcct of »h«s?. Prcclinibal studies with 
Structurally distinct, antagonists, have- supported their 
potential for uSc^ueatment of depression nnduiixiety that has 
been t;i»nriiWc^ in Clinicit! li in^. Their eff icacy rn dypresston 
is simiHti to thctSSRIS, yet luekingin the soxnal side ell eels 
associaied wiilv SSRis. A trial with sugAcsts-that 
NlCfanlaeohists^iwy J uvve^ particular utility in the treatment 
orseriously depressed pinicnts,; however this re^uires^ farther 
iesiiiijV Snarly,' the iecentvHificloKurc that OW59?5°9 is 
active" ocrtinst C0 2 -induced p:mtc is promising but neiuls 
confinnution in /a Phase .11. OMtRutie.it trial with patients 
suftcrinjj from panic, Attacks/ 
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Cerebral Blood Flow Changes After Treatment of Social 
Phobia with the Neurokinin-1 Antagonist GR205171, 
Citalopram, or Placebo 

Tomas Furmark, Lleuwe Appel, Asa Michclgfird, Kurt Wahlstedt, Fredrik Ahs, Stefano Zancaa 

Eva Jacobsson, fcarin Flyckt, Magnus Grohp, Mats BergstrSm, Emlllo Merlo Pichs Lars-Gdran NNsson, 

Massimo Banl, Bengt Ungstrom, and Mats Fr.edrikson 

Background- Eiridrmat is accumulating (hat pbarmoMfagical blockade qf the substance PpntforrivQ tummhttiln-l (NKl) receptor 
tvducosaivddy. Thisstudy company ttia effects qf an NKl receptor antu$onisl t citalopram, and placebo on bivtn activity and tavxiety 
symptom in soclalpbolriu. 

Methods: 'thirty-six patterns diagnosed witli social phobia worn treated for 6 weeks uitb the NKl antagonist, QR205171 XS nig), 
citalopram (40 mg}, or mulching placet* under mndomized doubMlind conditions. tins administered for 4 weeks 

preceded by2tvvek$ofpU*cetx>. mfbreand after treuimcttt, regional cerebral blood flow (rCBF) during a stressful public sjKtuhimj tusk 
urn assessed using oxygen*} $ positron emission uwagraphy. Response rate was determined by the CHmr.nl niolfal Impression 
Imptotmnwnt Scale. 

Results; Patients impwmd to a. lower extent with the NKl antagonist (11,7% mponders) and citalopram (50% rvsponde^X 
comparer! with placebo respvndvrs). Within- and Imumn-group eomparisvns showed thai symptom improvement tuas 

paralleled by a stgny)c<nitty reduced rCHH rospome to public speaking in the rhinal cortex, amygdala, andparabtppocampal^ 
hiptxxamptd^ cmbmti&fa 

reduction':. 

ttrtclurtws: Show and citalopram atleOiatad social anxiety. Neurokinin* 1 antagonists may act 

like scmonln mipiaktiinhlbiiors by attenuating neural activity in a medial temporal Vlobe mUyork;* 

Key Words: Br<juv<NK1 .antagonist rCBIv social anxiety, SSW, sub- 
sUuiceP , m 

Peptide neurotransmitter* like substance P (SP) have re- 
cently: iHtrAdftdconslcieraWc interest in ilut field of anxiety 
(Grlcbcl \ K ?ySj.. For example, it has been de*notisU*ted 
Hun pharmacbl<^icaibl6ck»Ue oiiWe SH pmferrina ncuroklnuvl 
(NKl); leceptor yields sifeniflcaiit stmlanxlety unci tmtirfcpre^saut 
effects in patients suffering fiom major depression (Kramer ctal 
im, 20CM). In animals. NKl receptor antagonists have an 
anxlqlyiie profile in various models of anxiety such as the rat 
elevated plus matt, social interiictlun test, and tcsuv of transient 
im(emui ( >ejr.iiaiion (File i00p; r tCramcr. ct «l I99«; Vatty et al 
2002). Genetic di:<nij il ion of the NKl receptor in mice also 
reduce anxiety, and slruss-i elated behaviors (SantarclH ct. al 
2001). imrafienshral injections of SP agonist* provoke anxiety in 
ahlmul trhib (Ai»Hiat and Urandao 1996; Kwtner sit a) 1998; Kitise, 
el ai 199*6, wlwreas administration of SP antagonists have 
jhixinlytie effecut (File 1997; telxeim id :il 1996). Moreover, in 
rats, ceninil SP is released during avcrsivc or notour, conditions 
(lirodin ci nl iif*>K Kujiniak and: Kramer 1999). thus, it has been 
prnpn^d thatlanxiety is associated with increased levels or 
central SP (Hnscnnhrl et al 2000). 
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Kramer ct al (1998) reported- iha.t the Jiiixioiytie; and antlde- 
pre^sant effects of an NKl receptor antagonist were eutnpuiuble 
tdvthuse produced by o >e!ccrtyft ^nthnlh reuptake inhibitor 
(SSR1). Selective serotonin reupuike irihiWiiiis have rapidly be- 
iiwnft the pharmacological treatment of chtjlce for major tlcpvt;s- 
sivc disortler «nd alf.n for various anxiety conditions (Gorman 
and Kent 1999). For instance, several pJaeebo* control led smdii« 
have shown that SSKTr are effective In social phobia, also known 
as social anxiety disorder (Vm$: Ainet ingen et al 1999); This IS a 
highly common (Furmarfc 2002), clisubUTiy (\y iUcheii et ni 2000), 
and eriduiing;(YonkcM ct al 2001) condition, characterized by. a 
fear of scrutiny or humiiiailun in ■ social |u-.ffonnancc and intcp 
ticiirinal jtituatlons. Even though current phiinu:H?>l6ijit at tiwii- 
mems of sodai phobia arc hclpfvil, they often produce only 
partial impruvciucnv (Ameiinften cr al 2000). A' liettcr under- 
^tarVdihA of the neurotunctlonal changes dial uriderliii tliii bene 
ficiwl i^ffeds on mood and anxiety could facilitate the. develop- 
mentiyl new.aiudolytic agents "Ihc dni;»4>rain interaction can be 
studied by tVmctional ncuroimaging technlquei;; such as iMisitmi^ 
uniisxion lomogi'aphy (PET) and functional magnetic resonance 
imaging <fMHi). 

Rccendy, we reported dm citidopiam and cognitivn-hM^hav- 
loml iheiapy significantly reduced public speaking anxiety in 
patients widi social pi lobia imrj .that /vymptom improvemcnr was 
associated with reduced regional cerebral Uotid flow 0<JBF) 
mainly in the medial temporal lobe (MTL), Including the amyg- 
dala, hippocampurs and the surTcuntdini; ifiinai and parahip- 
pocamrial cortices (Furmark ct al 2002). .Cphgruently, it has beun 
observed that citalopram reduces reMlng-Atatc neuronal activity 
in the left temporal cortex in patients with sutisil pliiibia (van rte'r 
liiiilen et al 20Q0). Several neuroimaglng studies also point to a 
pivotal role fur the MTT. irt ihc nwdulation of social anxiety. For 
instance, we showed that rGBF in the- amygdaloid complex 
incicased significantly more in patients with social phobia than 
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in nnnanxlous control subject* during anxiety indued hy a 
public speaking task : (Tillfoiu ct.'al .200.0. Further, iricni^ttrf 
neural activity vws.iiJ Served In chc Jcfi Hmygdalold-hlppocampcil 
rvHuin and Inferior temporal, cortex during anticipation of the 
srxsiliiitg task (TlHfors ct vl 2002), Aciivation of. the MTL during 
speech anueipatary social anxiety was lecently confirmed in w 
fMRI study (Lorberijaiinrttt al 2004). Morcowb , fMRl studies have 
rcp6rtCNl i!if3ca5cd amygdala uiid hir>^^^^pa^activaliuIl ckiiins 
:avcrsrvc .cunUiiioninf; (Schneider ei al -1999) arid enhanced, 
amygdalar' reactivity to social cues such as nnutrn! faces In 
patients willi social phobia rithitivc to control subjects <Bh- 
baumer et al iWVVcli « id 2002). .Stein cr a*. (2002) demon- 
stratcVf^ iiwwieactivc 
tw angiy anrl contemptuous fticlal itxpicaslohs than to happy or 
neutral cxprcstfuus in patlenWi with ^iwnttized social phobia 
icbnipared with Mhettj^iy%o.nrro^; : «ib|^;.- These lietirolmn&ng 
results am, m turn, cbnsistem wiib i wealth ol data rrom animus 

luppocampus, Is cnn iaU^ iiwdlved mjtho regulation of nniricityw 
reiutecVbch^ Havis and Whalcn 2,001; 

Cwy ui^J McNnuchtoiV 1996; LcDoux 1996. 2000); 

Ncurobiologlcal dHt«: imply, thai ,lhc MTL is a. potential target 
FoC^Snis in the. treatment of anxiety H^orricrs. Ncuroklntri-1 
antagonists may also net at the MTL level, since NKl i^iitors arc- 
highly expressed in the ainy^lala and. hippocampus (McLean el 
af Wl). in mammals, psychplogie»l .si i ess such as maternal 
separation cause u ielcajsn of trt the^aniy^dvxru (Krnmer;et at 
5i9S#>S ' Wcr^s;)inxjojgic:a^id anticlftprcasant drugs reduce cen- 
tral, levels i if SP;c;fl. t In the ainygtliiUi a 

n6hrl 'ei : n)^iK)0; Sh Ctal 1?96> However, it rcmn ins to be 

ekicidatcd whetiier Nki;rcrrptor antagonists are effecUv^ inihe 
ueatm^^ i» humans and whether, these 

<dnJgc;aa:w neural networks compared with 

.thcSSRls. ' ". 

:c.U205t71' i3;a selective NK1 receptor antagonist developed 
by Glaxi&uiM The GR205171 cdm- 

pc^nd has shown ^rii id |>cnctratlon rathe brain and high affinity 
Vt^NKl- reecptors in rats (RupnSnk et at 2003). Evaluation of 
GR20£l71 ■ binding kinetic in mohk^£?/u^in£*, PF.T, has confirmed 
the possibility ^achieve high ieveto C> W) of central NK1 
receptor occupanc7 (Zuniuner et: a I 2002); The aim of (he present 
uxj^r^ effects of short-term 

treatment w^tK GK2jSsi7(; compared with a SSRl, on brain 
;u:tivityXrCWV ipclal phobia. Patients 

n^i :r?ivuxl daily dose3Of GI^0517l. citalopi-am, or placebo under 
randtw^l^ed a»d ^r^S^hi during a 6:week; 
noSUBcfbrciand after tltis periiM I, patients were exposed: io« a 
MrOsafiil | iuhlic speaking task durtrig wliieb alterations In rC.nP' 
were studied tiy hi^ 6xygen-15 < ,r, 0) labeled 

water. We hypothcslzcd that anxiety reduction, following active 
drug :Hl!iiiiiistjation r would be associated Willi decreased neural 
activity; in 1 1 iu MTL region. 

Methods and Materials 
Screening 

PaTiicriiKUits were recruited - througl » newNpnptn advertising. 
Initial screening nicluded a brief telephone Interview and social 
o nxjety <\u wtlonnalrcs •anunted • by mail I -Smictn n*d c.l i nical diag- 
nostic interviews (Stiucturcd Glinlcal Interview for DSSM-IV 
lsdDJ) (l'lrsi ci al 1998) were ilien;afta r administcrcd by a. clinical 
priyotinlogiM and :a: pubtlc. speaking belmvionil test was per- 
formed.* In addition, a psyrhinirisf (K.W.) administered the Mini 



AswariJ Tor di^ilrit^: 



K»4 ti>cdai^tottwHcftc<iuaiatB~H 



/ 




AUoe««lionK2tt3J?l;rt»l2 AJtecottdtoeiiBloprcm! orli AUt«otod hi (ibecko: n-13 
Jtc«K^tiH2»IYI:i»*l2 Hcc«Ki2dctaUopniin;«TlJ H«civ«d>l^tx>: ««-t 2^ 
iMt* feilftc>'4ir>- nMfi UsiwlWlwvm^nww t jcm » follow**: vewt-' 

Figure l; flow <)\*wm of iubject .eifgibllity from ^ screflnihg ,tb >ui1sik>! 
, o rv»tyK l 5* 

liiieiiwtionaLNeurop^cniatric TntCTview (Ml N I) (SHrtftltah ct^al 
1998) to ckelude other ^eriou^ psychiatric disorders. Hntilly, 
medical examinations were pc'rfonniyl. 

MHiiuxKtei ia. for exclusion were trealmenl of aciciat -.n^xicry in 
the past 6 inoutliM, cunent scHpiw or; dominant psychiatric 
disorder other than social phobia^e.g., psyeltusis, major depres- 
sive or bipolar dis*" dej ) t ncu rological dlsordcrs, somaUc distrj.si% 
chronic use of prescribed i indication , abuse of n icqhol/narcot- 
ics, pte^nnncy,. menopause; left handcdnesiV, pieviou^ PiO' ex- 
amination, arid pusitive/ fainily history *p fencer; 

Approvals were obtained f roni ilm Uppsala University Medl- 
w\ Faculty Ethical Review Board t ;UieU 

qofiiinittee. and the Sweriislv Medical i producw Agency. A written 
informed consent was obuihieiltfinm all participants. 

Study Population 

Thiity^ix patients (17 men and i V woi iu»n; mean aj;c i SD: 
:^1;6 ^ 77 yea«; range 19^^0) w 

met the ; DSM-IV CAsncriean Vsychirttric. Association 1$94) criteria 
for social phobia and exhibited marked public spiking anxiety, 
fvtneteen (^2:8%) patients were diagnosed, with gcnero.N/^ri 
social phobia and eight qu a I iHed; for a cornnH?ld dlaghasU (three 
with specific phobia, four will i ^iei^ilizei aaxiety disorfier, and 
one witlt iboth dift-iideifi). 

Prior to the first PEl* inveuitfal^ 
Severity in triplets based on diol Social :P1^ 
liomuiue (Kurmark cr nl .1999)/;and also, as farvsts-. practically 
possible. Tor sex and age. Patient's went tluveaftcr ..randomly 
nllocated to one of three groups; NK1 amugOnisi, .SSRl, or 
placebo . (ri - 12 per group). Mean af^e 1/^2,33) = .B7,« nsl, sex 
(x 3 ^ = . fi9, ns), and subtype (x 2 = l%56,:r^) disirilji n Ions did not 
differ siijnifitrantly acmss study-groups. Patient^ with eomori;id 
anxiety disorders wen; dish ihu ted equally across the NK1 and 
SSRI groups (four each). Hie piogtess of elif>ih1e subjects from 
screening to analysis Is described in Figure 1. 

Treatment Procedure 

•tlitii shidy wis double blind. GlaxoSmithKllnc (Verona, Italy) 
supplied the study drugs fur ji n^week treatment period. The NK1 
group received a dally or.il dose of $ ing GR205173; which 
stinted after \4 dny,< of placebo l^causc of limited, available 
safety data on repeated dosing. GK205171 was iukc.ti as 4 nili 
sbluiion made up to 100 mL in orange lulcc. Thc SSRI group was 
treated with 40 mg citalopnun (one tablet) , stai ting with 20, mg 
(hnlf lablet) during the first week, to maintain study blindness* 
the NK1 and yroups reC^iverl tal >)ftts and sohition as dummy 
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Figure 2. O^nge icoies for primary clinical outcome measure!. 
Le„ the Clinical Globo I Impression ImprpwrnVni iubiLulL (lop 
left), fHjKunUgtt of lusponders over time: (bottom left), the 
Uebowltz Soda) Anxiety Scale (LSAS-Sft, top ? Ight) and: itote 
diwiety. during public speaking challenge-- measured by the 
Splelb«rger Stote-Troit Anxiety Inventory (STAI-5, bottom riyli!),, 
t he treatment started postscreehing on day :0, terminated on 
du>r42, jnd w t « followed up jand 4weekttoW(F?up 2k w). 



itjeatn^nts^yrcspwViyciy. villi* pJaccbb group received dummy, 
trkiimftnw:^ 

Al j l^ibfcc*^ week. 

4n all grcW p s;;: t Hcv; fi rii V cU>^ ^ wsi ^ . gi i*e H i m mcd late 1 y . a fler I he 
fi r>LPET;<jxam I nation and the' final uVsy- whs admi nisMted 2 to A 
huuis before the scconri PlvT n.wc.^icnt on day 42. Subjcctsdid 

Inotoc^ 

1 1 its -siudy and no systematic cxposu re. insi ru ct tot is wen j-jj i v*i i. 

KtU^it^vjsii^ 

anee and side clTect^aiut^ medication. 
VitaUirjnsi(hcart rate, bloc^ pressure) were diccltal.Jirtoniiury 
sftfciyjicsts Ch t- h ii li 01 isjjy , hi ochc mtstry t artd urine analysis) were 
lipeftorrticd, and ;sciifrrcpori qucsiioiuiaires wc;c ; Administered; 
; I'iegnan^ performed twice.-. 

vScwjftlngi; fprJ^ 

^randomly scIcckcI .visit; y ,, 

the trenunoni |*frinii; Chtntkihg of vital, signs, safety tests, and 
a^icsiicinti^ repeated; After comple- 

tion, paticms were "Offered further psyel liutiic consultation and 
addition 

PET Assessments 

invcsiicriiions were performed' using , a 32* ring KGAT EXACT 
Mli-Kc^^ KiVi-ncylllc, Tennessee). The. camera 

crutble*:ac<ju^ of data, with a^tonrrt 

of^;46 flw; rc^ 155 mm. 

Subjects were positioned, in llursr-wner with the i head gently 
fixated; rand a; ; venous catheter for tracer : in)et-iio» m whs ii Lseit ett. 
PaTiei &'i Wi e?it\Wo!irfi*ft; : nV prepare a 2;5?mlnutc. speech about a ■, 
vacation or iravei.vxpihlciice a n<3ut«-20; minutes before the Initial 
i*mi*sioiv scan. A lb-nVinucc trahsrriission scuti was iJC-rfrtrined. 
usi fig t! iav rriraaalifc germa ri lu m (??Gc) rotating linc^sourees., 
Ille -'O-wjiicr tracer^ apyiuxu i jateiy 10 M Bq A p t hat\y. wfti^Kr, 
was thcrcaftcrHnjftcted intravenously. The emission scan slaved 
automaiicallYf in ihrw;din.H5riM»;inal (3-D) mode when the bolus 
i i*achcd;thc braim^O^OOO coums/seeonci).and consisted of three 
^-^ceOtwJ fiainesi . 

li^mccliatClY following iracvr. Injtiii iim, patients were asked to 
siaii speakinfl and continue until ihcy rcwivetl instn tdirmr. ro 
stop. The. .S|iwu:h was ^ performed In theprcsence of u sileniiy 
observing .audience of six to cl£»ht pt-.rfthns. Patients were in- 



suvcicdro observe th^ 

cip^nvdiWanoft with a portahle^y]deo camera to increase obscr- 
vational:anxiety and. Udciimeni iveri ial:-|'iKrTifinft«tt^ Heait iate 
was- recorded slmuitancpusly.. Directly after the specchi jnaie 
anxiety scalps <s<^. hftlnwy w^rft administered to estimate retro- 
spcctlvely ho w. anxious patients TeKdu ritig *eti rus , 

Emission; scans were rcconsxructecl with a filter back projec- 
tion iwing an «-mm Hanhins filter, resulting; in a spatial resolu- 
lion of about 5 nun in the Held of yiow. The matrix included VJtti 
x I2fi pixels. Data were corrccicd tor photon attenuation, decay, 
k"Hlferetl radialiriM, and landom coiiH:iciencc.s: Aftei; rccoivirruc; 
tlon, a summatipn image.of ihe tl tree frames was inadc to oliuiiii 
a bm«r statistical reference , for rcaKgnmcnt arid subscqueni 
analyses. 

Participants fasted 3 hours and refrained from *\&ww,:u]£0' 
hoi, and r^ttftine for 1 2 hours before PET invcsiigatlons. Thc PET 
procedure wwthc sn mc n fierrtf«aim^nt -hiiij ,witlpaiteredsr*ee«n 
topic. 

Clinical Outcome Measurer 

Primary Outcome Measures* Response rate was determined 
by the Clinical Global Impre^ion imptovciiieiu iteih (CGI I) 
(Zairier cr al 2003) administered by a psychiatrist XK.W.) ni weeks 
2, 4, tiftd iS^md.at fi.illciw-i'ips. Patients having a score. of I or 2 
(i;c., very much or much improved) un die CON on day ■42'-w?iu 
classified ; as respondcM, whereas those having scores of ? 
(minlthally Improved)" Or liigliiir wi«r« trinV'iirlelwl its 
npnresponders. 

Changes iri state anxiety from prcAre^Vtmem (b posttrcatmcht 
wei e e wiuiited . using . the SpiejbeVger rg.tD^jVnit^^^'inycn- 
tory (STAI-$) (Spicibcrgcr ct ai 1970), ndministereci affer eaeii- 
ptililic speaking challenge. Additional changes' in 1 the social 
phobia symptom profile over the tieatment cbui*setwerc : cv?»iu 
arcdhy the self- report ^ version ".of ^ the LiclS&witz- Social, Anxiety 
Scule OSAS-iSK) (ftakcr t*r al 2002). 

Secondary Outcome Measures. The tdfci severity siihscale. 
(COl-S) was administered in addition to thCglobal iinproventent 
ileal (COM). Further, pntienrs Completed n hnltcry of miestion- 
nalres at screening and day 42: Social rhobia,iitTe<.-niTJg Ques- 
tionnaire (SPSQ) (Furmark ct al 1999), the Soclai Phobia Scale 
CSPS) ui id Social imetxiction Anxiety Scnlc (iilAS) (M.ntir.k ;inrl 
Clarke WS.Y, Global Assessment of Fuhctionlhg (GAK) selfr 
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Table 1. Temporal Lobe Regions Showing Piy r na WHhlngfniip Arihratinn Aft#»r Treatment ttf Social PhohU 



Grpup/Orain Region* 




Coordinate** 
y 




/Store 


Voxel 
p Volue* 


Cluster 
p Value* 
















Left Inferior Temporal Corn**, BA36 


-20 


-6 


-33 


4.18 


.009 


,04/ 


8A28 




2 


-30 


3.09 






Amygdola. 


-18 


-3; 


-.32; 


2,31 






C|«)opram(rt « 12) 














Left Inferior Temporal Cortox, BA 20 


-24 


-8 


-38 


3.84 


.029 


.010 


BA36 


-21 


-6 


-33 


331 






BA2B 


-20 


1 


-29; 


231 






0A35 : 


-20 


-!> 


-26. 


7.08 






Arny^ala* 


-26 


-3 


-22 


2.30 






Left PBwKippoompal Cortex. OA 27 


-14 


-3i 


-4 


4.06 


.014 


05 


Rig ht Superior Temporai Cortex, 8 A38 


36 


-1 


-10 


351 


,031. 


,004 


Mid 


.28: 


-7 


-33 


328 






HA21 


42 


-2. 


-10 


3.10 






BA14 


40 


5 


-ip- 


2.90 






i8A3ft 


30 


lb 


-34 








RA20 


30 


-11 


-30 


im 






BA28. 


28 


-M 


^30. 


200 






Amygdala; / 


28 


-8 


-Vi 


2.22 






pincerKi(oa ; 12) 












iii 


Rc>pwiUcr> jii o "V2| 














Left Inferior TcmpoMl Com?*, 8 A3 t& 


-18 


-1 


-29 


2.03 




.040 


8A28 


-TO 


-1 


-25 


2.4 V 






8A35 


-7? 


-5 ! 


-is- 


2,03 








-18 




-22 


2.00 






^Riflhi Inf erior Temporal CortexfttSA? 


30 


-3 


-27 


352 


07S 


.022 


•oAio ; - 


40 


-2I : 


-28 


2,20 






.Amygdala 


28 


-3 


-22 


2,% 







■• BA,firodmpori area; NKl , tieurokfoUvi. 

■"Locate value (presented first) and spatial extemlon of significant clusters are listed. GH.2051 7.1 Is a NKi -antagonist ftesponclcrs = 

;scor<jj 1-2 on ItieOinlGkj VjloKnrimpr^lon improvement item. 

^^ordinates In millimeters^ atlas of TriWmch and Toornpn* (1988). 

5Left amygdala Implicated atlovwr'thr^hoNi (-22 - 1 ^22; *} wore; » V.8fl). : 
^Right hipporampui implicated at lower threshold (28 9 2 1 : r-score « 1 78), 



report^ etfal 1 994), jPcrkonal Report on Confidence 

^Sp^ atKljblieeJmii Di^Uiliiy inven- 

tory ^Sbl3 < Leon ct a 1 1 9?9i): t learti rate CHH), ca leu latcd i rom the 
miutljehi interval and 'expressed in , heats pfur minute^ wa< re- 
corded durlnp, all public speaking tasks by means of the 
PSYl;Ariu:^^ 

clsiuii? liKsUuiiwiU^, London, United Kingdom). Subjr^rts also 
rated levels ol' i'eur arul distress iuiibciu led winV the spen Icii ig 
tasksVoh 0 to 100 (minimum to maximum) visual an alogvtc, scales 
(KiinnHrk v\ h1 2hoi). These secondary measures wore included 
id obtain a more complete elmical picture and foi long-term 
research:; purposes; 

Statistical Analyses 

Positron Emission Tomography Data Analyses. Positron 
emission tomc»graphy- imnf^s were, realigned to correct for 
cliftbrcni pd^tl6n$;;bepivefeh scahs-and normal |zed toMlie Mun- 
treat Neurological institute's- CMISfl)- stereotactic template OCBM 
152)* .using tlie Shitistiail'Pnrh metric Klnppln^ ($PM99) software 
(Wellcome Department oKCdgi iiliy'6. Nc-uiology, London, United 
KiiifjfUinO linages ^rc then smoothed usin^ a 12-mm Gaussian 
kernel: Positron CnUvSUm tfnnogmphy data were statistically 
'evaluated tutlng within«group and between-ganip comparisons 
defined, in SPMyy 'with rCni- rLita filtwl to the general linear 



model CPriston ct al il 99$h_ aie^ecn-g^tfi; HiflV*renf^e> wpm- 
ev«i ua ledby a j 1 X Ume irHenicUonk In kite: form of. double, 
subuwions, such as (NKl^- Kkl^) ^ <Pfacebb^ Na- 
ccbo |Vil :). Oiffcrenccs in plpbnl bloc^ flbw .were cpri^cted fpi 
u!Jlng;the proportional scalinK method within SPM99. Contrasts 
;;ichcraicci ^rnaps^subsc^ucnUy converted fVjriruei- 
prehuibi u Biu in locuUojia u re dcserii>ciJ| - tty >xy)$;>;i^^ihatcs -\yi.\ he 
Talatraeh spaee; obtained by mathematical transformation of the 
MNT coordinates in SPM99 Cw]BWimie-i:bii.tiii Vuii'-riik/ltiei^Ti 
iiiivi:.pa^.litinl). AnaiuinicHl louiiiy.HUoti: was ^supiwned by 
searches In ; the Talairach atlas (Talalrach and tournoiiN 1900) 
and the Ta lai rnch Hanmon (I n nearer cl al ;<!00U). 

in line with our a priori hypothcuis, primary analyses were 
focused on the nttdial temporal lobe, ^cli^rvw 
volume fo^the light and left MTL.,vyus eiL-uv«d !>y defining a 
x 46 * 46 mm box contalnir^e^77 voxels^ 2 >c 2 

x: 2 mm) in each hemisphere at | He level :o( ilie inferior 
hippocampus. Treatment effects on rCBP were evaluated at 
the yoxel level by examining «ratlstlchily significant chnrijf>es </> 
< .05). corrected for multiple comparisons, in Uiy defined 
volume; The spatial extent of voxels exceeding the signifi- 
cancc threshold was also examined whelt inVitt^uti*il l>y aijj- 
nilicant eiusier p-values (corrected) In , the volume. of Interest. 
Tn addition, exploratory whole-brain analyses w«rc performed 
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^GR2Q5171 > Placebo 4 Citslopram ? Placebo Volume of In terest 



Flmira 3 -Coronal PETiaiaqet of patients With social phobia showing clusters of lighificwtly reduc«trCBF in the medial temporal lobe during puWfc ipcoWnq, 
Hfuji kcompBreij wlih before triNiiment, within the NK1 antagonist GR20517Mton left); -rftatepram (top central), and placebo (top rl«|ht panel) groups. All 
croups i>K.1udfrd 12 s^^^ ufrCBf in subjects treated with GR2051?v,(n *:12; 

Ucttom left) and dwlopmm (n - bottom middle) compered vvIUi pbccbo (n - 12). bottom right panel lllustratcs tho volume of ii.t«rast r used for all 
hypoUiwis^ and right medial temporal lobe; PET, positron emission tomog raphy; rCOr, regloriol cerebral btuuf i Qow; 

the dtalopram group, and 1 (B 3^> m the phcibo Rroup (Figure 
2% Eleven nonrespondcrs (N^eiulUpniti^a&^ «• WW 
were "minimally Improved" (CCl ; t ° 3), whereas; 13 (NKl/ 



'evaluating; actiyi^ .05, corrected for 

multiple cCHnparlaonS 

'Clinical Outcome}.; Data were- scanned for violations of 
;nonrHi^ »nd Imtweeivgrqup 

diff^ 

(XfSpVA)' The <iL«rihutibn & Wpb^ ac " 
circling to trie* COI-i 1 oh day 42,- was evaluated uning exact 
; sitiyit>.ccii tests (Bergman ;Biitl El Khouri 1907), Planned t testa 
(paired- iwomilcd) were used to dulcet within-r,«™p changes 
from^pretrBim^ Bcrwccn-group clifftjrvii^K 

>vere % tc^t^l ll>y pairwj ^ compp Ksoi « of the^adjustecf mean 
Vafacs"" ; ^ 

treatment ^orc ^ as^vp^lident vflriablejand preireatnieht score as 
covi\ii;»teinthiv«iatiattcaim measurement A^OVA 

was used io ev;i)inH« the ISA5-Sll. s Amly^rts were performed* 
usinfl SiatVicw^5;fr.i {^S I nMirutc':lnc^ i-Ciiry, North Carolinu);and . 
■Satist^ The : aJpha-leycl 

used; wits p < 05 in all tests. 

VertJaVPerformnnce* Vedial performance was cvuluuted by 
'comparing the ntimber erf sppkcTi syllables during the first 10 
seconds ol cacii videotaped speeeh; using n repeatkl measure- 
ment ANO^ ' 

Results 

Pretreatment Evaluation 

Thcre\wcrc no slgtilacuiit dirTdrftnces between groups before 
tfuiitiiwnt on nny primary C,627 < >' < 1.38; .27 < p < .93) or 
^condnry (.22 < V < 3 20; .054 <p< m elinical outcome 
riiirahuicl 

Primary CllnlcalOutcorne Measures 

Response Rate; On day 42 (end of treatment), the numbers 
of ail rcspondcrs wcrc 5 (4l.7%Xm thcMCl group, 6 ($0%) ui 



clulop rain/placebo - 3/2/8) w^re eategbrtzed as "no change" 
(COM » 4). Exact single-cell tests si *»>yecl evidence of a 
sttiiiialettlly significant association between CGI re^ w »nr teis and 
group (p *»-' ;02$)V.The two dnifi p/oups deteriorated after 
treatment ^withdrawal on day 42, wneieas ,plac^::ftur^cctsrd^ 
not change. 

State Anxiety. Both it« fVKi (fCj l) « v 3.87; p » .OOtfhand 
cUBlriptam ir(ll) « 7.2©\p < i ,0b6l] gr«u|>s impiovcH Ai|«,nif- 
Icantly ou; die ib"l'Ai : S frrtm;\pwtrcatocnt to ;ppsureatineni. 
•whereas the placebo; group iiUI -not l/Clij = ,1.33, nsl. A 
significant, effect of group was noted in tiie, XNCOVA of, 
pdsttrcatmetu *coi es 1^(2,32) « 4: 13, p « .0251 and j>au wise- 
comparisons showed that both Uw L (/) = .031) and 1 
-Clin jupram (p a" . r 0l3) ! group.i.^rc% signlfieMntly more im- 
proved than plwcdio on the STAINS (Figure 2). Speech -raiingtv 
were always higher than ruUngo during n preeedinft control 
usWssmerit </> < .(1001). 

Ltebowitz Social Anxiety Scale* All groups improved signif- 
icantly on the LSAS-SU (2.94 < t < 3-97, H i 0022 <: p < 
.014) from screening to day 42 (Pigurc 2), Repeated ineasun? 
ANOVAs of the U>AS-SH Rurw reveled aisifin^ 
of lime W2,33) 83 17.0, p < .0001 J l.iui iui. significant effect oY 
grou p; or ttine- x ^rcni p: I meraalon. 

Regional Cerebral Blood Flow v 

Medial Temporal Lobe Analyses. ^Uliifi X\\v NKl a nd cita- 
ippram groups; the rCBK response was signiHcantly lower 
after treatment In the perirhinal, crilorhiiial, and parahlp- 
pocampal coniee>s, as well as the amygdala, this pauem svoo 
bilateral in elulopram subJecUi but localised mainly to the left 
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Table 2, Temporal Lobe Regions Showing pecrojicd Between Group Acti^tion After Treatment of Social Phobia 



.CnfrifMHwjii/Hi^in Region* 





Coordinate 6 




z*5core 


XI 


y 


z 


-18 


if 


-32 


4,42 


—20 


-n 


-30 


3.72 


—■18 


-11 


-25 


s.oy 


—1.6 


— y 


-2/ 


.2*7.*' 


-?? 




-33 


2.37 


-18 


-5 


-22 


2.46 


-20 


-7 


-32 


3.84 


-20 


-it 




3:46 


-22 


-it 


♦25 


240 




-ri 


-21 


232 


aa 


-1 


-25 


3.53 


26 


,s] 


-25 


2M 


18 


;s 


-25 


2.79 


18 




-2? 


201;, 


28 




-22 


3.41 


30 


-24 


-V 


2A V 



voxel 
pVahie* 



Cluster 



CR20517Vv5.Pt0CCbo(n.- 1?/17) 
Left inferior Temporal Cortex, KA36' 

DA20' 

6A3S 

BA34 

0A3Q 

Amygdala 
Xitalopram vs; Placebo In « I 2/1 2) 
I fit Inferior I am poral Cortex, 0A36* 

HA2Hr 

BAib 

nwrtnnnWis^ 
Hltjht Pdtdhipppcampai Cnite^ ; RA28 
BA38 

DA36 

Hippocampus 



.004 



X>36 



.028 



,072 



.018 



034 



;BAl BruaiihiiY^ 

•Location of maximum wxelyalua (presented first) ond spatial oxtention uf sjnniricaiU dusters ^rc listed. GK205171 ii a NKi;omo(]uiih>i; Kci/wnUyrs < 

^tw.^%:2:#^ 

^Coordinates In mllJImeteri corns pond to the jterwioaic oUuiuf TultiiriiUi ond lounwux (1988). 
^Coirectftd for multiple comparisons; 

tf Left amygdala implicated at lower thruiholtl <-24 -5 -22;2«scorc ■» 181). 
'i*ft hij^bcampus ^Implicated at lovwr thresh {^24 - ir-2l;*-$core « i 7$)^ 



HciiUspliurvLin die NKi ^ipup; No slftn'lflcnnt cHhnnc?u;wcr(? 
oh^fy^d iiv ihc placebo group:^ 

group amipansons con fumed' that fOBF In thtvM'IXvr^ftldn 
wasis^griific^^ 

wlrl j/jp I rt cchrt (tible ^ Figure ^3). Decreases of rGBP in the 

lujyfjueuuVf'tui proper were ntsnJriotr^in^^ 

comparisons The NK1 unci eiialopmm jjaiups did not differ 

r»ignificantiy. 

Foiluwrup! analyses f£vcMcjH?r.bnV irrcsr&ctivc, 
of trc:umeni mpdaHty, exhibited- signif Icanlly lower rCKP a fter- 
1 1 e:i ii ne i\r biritcf ally In the rhi rial *and parahlppocampa I corti- 
ces, as well; uy ^ Uiexainygclnlo ^tc^ipn, A ftftl wee n»fi roi i p com- 
parison . showed that rCUF in die previously noted: M'W 
<lniii iin w is more reduced In responded (CGM rs 2) than in 
p:uknw;ihai did iioixlmn^ (tT»l-l; ~ 4), but this pattern .was: 
fligniftcHm only^m-thc'rio^^ 

the active 'drtig groups; rChl? a Iterations were fu rthcr charac* 
iertecd by . compari ng >-su bjecii ilislt^ oWef ec I i n st itlh : an xiftf y, 
ieSuctiryiVi iSubJcas were! ranked within each of the state 
anxiety uwfoutes <STAI% HH, l»car,„nnd nUTress): iwjng 
diahgc Scores from prctreatmerit: toj poViireHimuni. Iliij/fwif 
tanking*; wctt/summcd and'tfa median; split of the summed, 
rank- wits u;«?t I to < fefi no. r.i ibgi ou ps 5 ho wl nc, c ithe r a lar^e ( » 
ir 6) or imall = 6) anxiety reduction. Both in NKl nnd 
riralopmm subjects,, tfie ichp decrease in the MTL region was 
significant, only in 'the »ul.iijit;ni|«i' ^khihitinf, large 'anxiety, 
reduction (Table 3. Plgurc 4). 

Whole Brain Analyses. In thc^ NTCI firoup, rCBF Increased 
si^nincanily In a cluster located in the left occipital curu*x (firtKl-: 
tniiiuviiiisi |RaI 17) (-22 W -1; 2*score 4.08, p = 008). CUaiopram 
sutyjecis exhibited a sl^nincant dceiease of iCBF in a cluster in the 
pewiertor i;inKulaie corttx CBA 31)v(-18 -31 38; x^on; 4.11, p ~ 
.032). In pboubo s.ulijei.i.s; ^RF incicawsd significantly In the left 



?cerrbcl!nm:(:2 -76 -1 £^scorrt A .64- /> «» .039)^ 

There were no uignitetnt effects of grouryj^^33) ^ l.li, n^J, 
Itime' lRl;^): ^ 1.14,^1, or group X tlrn^ 
. JM^risT wjth i icgaid to global flowv 

Secondary Clinical Outcome Measures 

Results on the secondmy. outcome measures me preseiUed in 
Table 4:..TIjc NK1 group iinproyed Hi^iil kuiidy yii cigiit (CG1-S, 
SPSQ, SPiS^ SIAS, OAF; Fear, Distress,; I IR), thc citalopram^rbii^ 
on'sixXCX^Sr^ 

group on lour (CCi-S, SPSQ, SPS, Fear) measurci*. The PRCS and 

SDi scales were Insensitive to changes In all groups (data nut 
.fihrnyn)! At prwth eatmfml , the ANCOVas : clici ^ not : i e veal sfenifi • 

cahl effects of group on a ny of the secotidary measures I 

» .02^1 .07, nsj and the pairwise^mpah^ 
•xnettns renuiinefl Insignirii.'niH, 

Verbal Performance 

No-.slgriinearit effetls of groii|r .f- .59. tisH, Mine 

iRl^* .06, nsl k or group X time Intcraaion IH2;^) = ,55, nsl 
were.noteH rcfja rdihf; the hu rriBcr of Kpiriken kylla hick: 

Adverse Events 

There were 2fc f 43, and 23 fln^-rx^lared ndvcrsft «v<*nts In the 
NKl, ctmlopriim. and ; plaeebo jroups. respectively, \\w mosi 
common being headache, tiredness, Insomnia, nausea, irritabil- 
ity, and somnolence. Events were generally mild or mndeiau: 
and all were resolved. No .subject expressed a %vish to discon- 
tinue the study. 

Discussion 

Tliia ^tudy explored changes in iCBF! folIoWmg shoiMerni 
treatment with the NKl antagonist GR205i71, cbh^parcd with 
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jCitalopram I GR205171 

Large anxiety reduction subgrnupa 



FUjure 4. Followup PET analyses. Coronal images of significantly reduced 
rCtif during pubilic speaiking In thai medial temporal lobe after treatment in 
render* on ^ 

topleWahd In rcspcnViBers compared with subjects that did not change on 
this Kstc ln « r V3; tbpVrtght); Further analyses showed significantly tlu- 
creased'rCBHIn patients liijit exKibited ihj» lorjB«i*V , Ce <l * ,, cM<>n qf ,itet0*nki«ty 
tiom nr«treatment to pMttrcatrnenrwithlivtne dwtopram (bottom left), 
and the NK1 bVit^^ (bottom rlyht) o™pi. No significant 

^HF changes ; ware observed in ih« remaining subjects exhibiting a wnaller 
anxloty rudua.on {rwt Ulustrated). PET; puistron Pmiision tomography; 
rCBl-j raglonal cerebral blood flow. 

iiwirt w^hu (day 42) suggested that the NK1 and SSRl 
treatment reduced the neural response to public rtpc^king in the 
JWTtv fncludlhg the ^ cntorhuial, and paruluppocnmpal 
conies, a* ywcll/as ^ also observed 

In rcsponders as dcfin*djby the Cfe!*I,^rifijitKHcw! of trcatrticnt 
mWblity^bui not In uSe pin^o.group Of In subjects that did not 
change clinically: betwccn*group compnrijDn^ cnhfitwc^ ^rger 
fCDF^C^nicnViii die fcrrt., ilrielutflng tj ic Iiippociimpttit proper, 
in both nrtivc:dnjg groups relative in placebo and In responded 
relative to suhj^ thai did hoi change. Within thcNKl andSSltl 
groups- thc^rCBF rtKCrcasc WM 'mediated predominantly By 
yubjects showing a large i eduction of public speaking slate 
xirSle^ 

i II The tf ihlcian 1 * ratlh^XCdr-0 and differential reduction of: 
! state an*%dur1nfi &^ (^Al^u^ted 
S pafi&h^ superior to 

'placet*. In both dru^groups, symptoms* deteriorated Z and 4 
wccksalwr irinument withdrawal, supporting a pharmacological 
effo-t Significant' withm-gioup improvement was observed on 
i^.rrittjonty of secondary mcasuws.nfteT active drug, treatment, 
although the placebo group also Improved on sunt*? titles. On 
v all measure*, the anxiolytic effcoi of the NKl antagonist whs 
similar to .Ami ofcitalopram, even though it was Administered for 



a shutter period, i.e. 4 as conmuied with 6 weeks. Verbal 
pcrfprrnance, 'indexed by mimbcr of spoken syllables, was 
similar before and alter treatment hi all groups. This pattern 
supports that the oWsftrved rCDF alterations wwts ^wtfically 
related to social anxiety recUuilim following active drug treat - 
mem. 

The present results aiy In good agreement with our previous 
stucfy of social phobia in which symptom improvetnVtni: with 9 
weeks of eitlier citalopram or cognliiviVlHihavicifal therapy was 
associated with redrn^l iCRF during public speaking in ihe'tf ri. 
region (FurmnrW ei a I 2002). Butfi studies Wrongly indicate thai 
r-fowrvrcgulatlon of MTL neuml activity ;ts an- iinponant mecha- 
nism in ilicsiUe.viatiqn of social anxiety, 'lite i>!«s«itt findings arc 
also congruent with 'previous ncurolirttging studies in -social 
phobia that have suggested a role lor ilu? Mll^ or the ".-imygdala, 
In filruationaliy elicited ;fnilf6rs w al 20Q1> and: anticipatory 
'(Corlieibnum ct al ^2n04 i? Tilllbrs ct al 2<X)2> -Jii^ii^y, aversivc 
eonditionlng'CSchncider.et al 1999). and In the perception of 
harsh (Steih el al 2002) and neutral (Hirbaumer el al lS^; Veil 
al2002Vracial expressions. Takentogcthcr, the?w imaging st^ 
suggest exttggeiated respnnfiiveric^ of the MTL Ih^spclul |>h« »hia 
rmd thai effective treatment attenuates* {tiixiety^clated neural 
Activation in, this region. To depressed patients, /some ! iriveaiga- 
tovfi have noted_ that a£A^^ 

resting slate irin^clala" hypt* nmetaloojism ( Drc^ct^et nl ^^>7u«l ; 
'Sngg^tcci ~anv/g^a"^^ t u » • unfed fearnil faces: (She • 
line a sij 7ut>i). Tills cpul a general 

• target for treatmcnuj of Uisoidets chara^ alleeL 

■fiie amygdala ha* long been UnpHeuieU in thb acrjui^itioh 
and expression of fear-related l,^haviof CLeD6ux 1996, 2000). 
It may be pari ieu lady imporunt in attention and vigilance, or 
when the meaning of stimuli is d«rectcd, in aversivc or 
ambiguous contexts (Davis arid Whalen 2G01): Tlie amygdai:i 
also ^ Has a role In social perceiHion a>vd jndc 
2003), which may have specific relevance for social phnbia 
(Ainaial 2002). Increased hippcK;a!f!p>«l^ 
ih'g Situations tnigl ii; ft* attributed to cognitive, proeewe^ oi 
contexmnl cviluatlon, whereas the su 1 1 6u n d i ng pfiarjiina 1 

fat^tian^ 

nc¥^ ol action in the alleviation of anxiety. 

. : Neureiinagingr studies of anxiety pathways often report con- 
joint activation of a larger MTL region, comprising : boch 
subeortidil arid coitical areas;- rather than an isoluted active : 
tion of;the. amygdala CFumnuk et al 2002} Stein ct al 2002| 
Tililors ei aV iOOl, 2002). It is plausible that : M ; IX si rnci vn e.<i 
function collectively as an u ffeel -stinsitivc ; network that is*, 
triggered by tlneatpjiln^ stirnulatlon^Seleeiive^ 
uptake Inhibitors might uuenuate.this nmwork cither directly 
or induectly, e.g., by balancing median raphe nndeiis firing or 
through jntcractions with oil i«i tVansinitter systems and path- 
ways (Crow: «t al 1997). Enhanced sefoli^igi^ 

* SSR! ircatment could have inhibitory influences on thalaiulc 
and certical; inputs to the, amygdala (Gorman et a I 20iiU; Stein 
and Siahl 2000) and prcsuuiubiy other MTI. areas. However, 
the role of serotonin in anxiety Is complex since it may liaytt 
opposite effftcu; in difTercm neural pathwnyA (Gracff 2002), 
Serotonergic, modulation of unxUny may Involve both presyh- 
apde and postsynaptic processes and tiumeious recuptor 
suhiypcs (Kent ct ul 20012b; San dford et al 2000). Studies of 
serotonin transporter functions could also help to unravel the 
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Tabtu 3. Temporal Lobe Regions Exhlbltlnn Oerrciiwiri Activation After Treatment of Social Phobia In Subject! that Showed Cither Urge or Small 
KeductroiVth Pubflc Speaking State Anxiety; 



GR2Q5 i 7 1: Large Reduction {n «- 6) 
UftlnrerlorTemporal Cortex, BA30 
• OA30 
/Amygdala 
atalopttm: Urge: Reduction (n «,6) 
Left inferior Temporal Cortex. BA28 
BAiO 
7BA20 
-4M3M 
vAuiyudata 
Ritjlii Inferior Temporal Cortex 9A20^ 
BA36 
;BA3R 
. Amycjdal j 



-22 
-22 
-1» 

-30 

-26 
-24 
-2ft 
28 
30 
24 
28 



Coordinate 6 



-2 
4 
-3 

1 

-4 
-4 

2 
-1 
-10 

-fc 
2 

J 5 : 



-34 
34 
-22 

-29 
-33 

-3!»- 

-iSj 
-18 
-37 
-3V 
-35 
r«' 



^score 



332 
2.80 
0 

4.13 
3<0V 
3.77 
3.04 
2.47 
XU> 

2.48 



Voxel 
p Value* 



Ouster 
p Value* 



.011 



,060 



.001 



BA, HiotJinAiin area; NK1, neurokinin- 1 

•location of moximurn vuxtrvjiliie (pre^nted first) and spatial extention of significant dusters are listed, £82051 71 Is a NKl antagonist. No. significant 
rlMitu>iwuru noted in the imail reduction subgroups. 

?C6ofdinnteVin L mjlBri'icters co/rres^rvd to the .stereotactic atlas of Telairach andTournoux (l 988). 
^ifii^teUformuitlpleWmpaHsons. 

flight hippocampus implicated At In wif»r threshold U0> 1 \ -20;r-score « 1,77).; 



mechanisms wluttVHYy the^SRU ad iri social phobia (Kent el al 
2002a );M$: oth^rillsyrdcis. 

Consistent whh d^ 
( 1 99ol^i n': (Jcpr^iH I a patient, thclNKl; antagonist; and SSM 
reduced anxicty<to. ti siiiiiiaiv extent. The current PITT" data 
su^RCSt that auenuaiibn of fyHl nvu rai activity could, bp on 
ihtpoi umt anxiolytic mechanism also in NK1 -targeted pharma- 
cpijicrui>y,. The rawiSytic 'xM&lal NK 1 antagonists! like 
VU 203 j 7 1 may be attributed to; rcpVeed 5 V ncuTutrujismission 
:ur, sui 1)hci| uvtiily, lowered i eyejs of central SP, as suggested by 
animal studies '(Hd5cn6hrl , uY: a); -ZOOO), insulting: in a. < net 
in) j il liiiun OfMTl, neural activity . il lowcycr, thisjaniid also be 
the: result of an inte rnt:i i iim with • other- neu rotransmittcra. Por 
.•instance, may coexist In serotonergic ik-uioiis, thereby 
modi fyl isn ^eass and ttr^ct^Cllascnohri ct al 2000); 
Cfiiugsr ihat act bri serotonin' heufbthmsHUiiaii,iu can vtfrluee 
^ levels r* i P i ;ei it i ;i 1 Sl>; c.)?., in the [amygdala (Shlrayama el al 
i#6y.i ; Aninial^tudiu^ thiv anxiolytic eJTect u fol- 

1 incrc ^ it firing of serotonergic neurons In the dorsal raphe 
[^nucleus and a* serotcSnih-1 A aVito- 
r rwc^rs (San^^ wnp:clemo^ratcd 
that SP also ml^iit ihutiact with trie aamma-amlnobutyric acid 
(GADA)c^^ 2002). 

Besidcs^thc MIX, a few other rcgium showed altered 
MCifratlviiVwi'th ^ii^tmenti In the N1U group, rCBF increased 
Significantly In the left .occipital cortex. Speculatively, this. 
coukrUe rehiief I jo improved visual attention which otherwise 
appcirs to be Vilified uway from potentially threatening 
envirwnVi'hfaj .etics -in social phobia (Chen el al aUM), 
('prwi^ PF ^ study noted deactivation of the 

visual cortex during jsyituii&i.h provocation In male, patients 
with generalized ^social phobia (Van . Aincrmgeii et a I 2004). 
Ckalopram subjects showed rt'RP 'diminution in the posterior 
cumulate yortex; This region, in particular the reinjspleuial 
cortex, has been linkr.rl in episodic memory retrieval and is 
frequently activated In' Imaging Studies of emotional process- 



ih^; (MadUucU 1999). Aetivntioiv of live left cerebellum was 
noted in vplaeebo subjects, pousibly reiieL^iii^ ; alteiutiorV$vitv 
motor .irtivity or cognitive proccsscjJiCAilcn ef-hl 1907): 

ihe- present iihu 
IxatioH i;of ^ lAetause^preti^uine^^ 
values were nor compared with nonfearful cohtrol subjects,, 
We previously olisi^viitl that the amygdaUil^^^am 
SQO'hsel tO'i^trcssful/speaking^^ in untreaierl 

pn^en|5 ,^^1 a tn.^ nmalnxlou^ SQSi£ol 

suljjeeu XTi llfoi s- et ial 2001). Thus, treat menr^nviy norrnalixe 
prccxlsiTnft abnormalities in the MTL Jlpwcycr, at baseline, 
phohin Mihjftctfi and control subjects differed also- In. wide- 
spread cortical regions (TilNors ei ul 2001^ = thVu ' enrai ned 
u naffected in tht! present but also in pur previous ;(ru rmark et 
al ii002} ; tretitment study. .Coi!gruenUy; l imti^iiii|;t siutties of 
major depression su^estihat tr^a^mems ih 
UaiioTi ttnd other adaptive metabolic chon^es. in the brain 
(Maybcrg^ct al'2000). , ""*. . . 

;Aiivoiigfthc<limitations, if should be; noted that although a 
tuple si a : of. 12 suhjeels pe i #i oup yields svifrlcicht power to 
demonstrate rCBF changes: (Andreasert i er «l I'M), laigei- 
.samplet si?.e.fl= are generally required to verify cliirerences 
between aellve. in^uneni' -ami. |>laeebo on behavioral mea- 
sures; A clear differential response l>eiwcen drug treatment 
nnd plar^Vio.was found only on the STAl-S and 0C l-l, whereas 
robust beiween^grbup dilTenHtVts^- wine hoi observed oh the 
LSAS-SR or the secondary measures. This coulid also be due to 
ahoil ueatment pciiods.a nd limlted:.sc;ile sensitivity. Measures 
of brain activity may lmve greater sensitiyity than behavioml 
ni^istires when evaluatinpt emotional reactions^ 1 larirl: ct.al 
2002). 

In this study, social anxiety reactions*' may differ fioin 
natumlistic, sritrinr*s, and the most severe cases of social 
phobia were perhaps, nut willing to partkipate, whirh mulrl 
tftstiiet the external validity. Another limitation is the lack of a 
control condition without which it.canncii.be ruled out that 
rCHP chanr»es reflect nonspecific drug effects on cerebral 
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Table 4. Mean (SO) and Paired r Values for Secondary Olnjcal Outcome 
MRaiureiOefweaftd After TrMtiuwit 



Mcasuw 



GR205171 



Citalopram 



Placebo 



CCl-S 
^SQ 
SPS 
Si AS ; 
GAF 

r« r 

Distress 



pre- 
ptist 

rw 

past 

1(11) 

pre 

post 

t(\\) 

pre 

post 

fin) 

pre 

prut 

fOD 

pre 

•post 

preV 
pmt 
avi) 

pO«A 

tiii) 



4.8 (.9) 
3.0 C9) 

SIMM) 

4,Vi d 
34.0{10;S) 
22.8(H.S) 

5.91* 

so.5(vv.ai 

38.0(11:0) 

■74i(12.1) 
06-2(8.6i 

57; na?^) 

3*9(19.4) 
415' 

itosms) 

4&7(I9.3) 

'3:38* 
.82.500.7) 

70.0. (Iljj); 



4.7(1.1) 

3.6(17) 

.5*1 * 
7fl.7 (9.2) 
22.0(0.4) 

3.43* 

3U(i3;5) 

ia.soi.aj 

4.2G C 

44.8(16.0) 
35:3 06.2) 

4.y4* 
727(12.7) 

aiioojj 
<w/> (2fi.a) 

l& 

V68,9<25.4). 

85.2 (10.7) 
70.5 (15.7) 
1.91 



4*(i» 

4.iiii2) 

32.3(7:2) 
24.U (7,3) 
3.85' 

37.1 (17.2) 
29.3 (ISA) 

50.0(11.4) 

42.2 00.0) 
2.1 

76.3 i\XS) 
82,9(8:6) 

2;1 

55.9(25.0) 
39,4(35.7) 

2.70! 
62.5(28.0) 
52.1 (31.0V 

2.03 
R7-9 03 r 5) 

1.42 



CR20517Vii a NcMioWninrl -antagonist. 

CG1«S, Clinical Global Impression severity 1 scale; SPSQ, Social Phobja 
Screenlnti Questionnaire; SPS, Social fKbb!a Scole;SIAS t Social Interaction 
Anxiety 3&1e; G AF, GJqnnl testtiinent of Functioning self-report; HH?.Hcari 

••ratSC* 

'*p<S>3? 
%<;01. 

v / >:<-.oi>j. 

yiiiic iilai : functions. However, lu;bofh.dmfl flroup.v the rCBF 
reduction wuy •S^nir»cnni only -In subjects stowing liirfc* *tate 
anxiety tcdiiciiofi^rici nottti ihose ^showing a small anxiety 
rcciu crtuii; unspitc -of ;$i mUar clnigui itukc . Th li: su^csm th at 
nonspeel fie vnt>L : u lu r eftiVis it re unlikel y u> ex plain lhr» rCHP 
Hian^Vy? observed lit MIX Uunii^ public speaking, further, 
nonsi^fie vascular - effects, arevrto^oompaablcAVlth the fact 
that global bin* «1 How did not change with treatment. It Haft 
prnvlmisly been WjnMed that chronic treatment with tfubxr 
crime dfe ;c^r«biui blood flow In 

healthy volunivxTs (1>onne ct al 1999). 

iiial reported here; w^ and In clinical 

practice, lonBur'fieatmcht pftrioda are generally. requireO ib 
c>btaln ; rbbiist;and^ For ihc SSRls, 

^hcanxi^ 

^dfrndclowr^ but additional improvement may 

contiinic ow a; considerable lii'ii*. rpn n. (niomhoff ctial 2001). 
Ptitu're ImagirtB Indies could use mere cxi«m1ed; treatment 
fieriods and more assessment points and relate anxiety reduc- 
Hun mil . only to changea'ln rCBF. but>lsn lo neurotransmitter/ 
receptor fiuicUbns -suf h as serotonin synthesis jitmI NK I recep- 
tor occupancy. Neurolnui^inc tcchnrqucs could also' be used 
to stuily dosc-rcsponsc rclaiiuttyliips, druR- psychotherapy 
combinations, and. genetic.: influences on treatment outcome 
and symptom severity (FUrmark oi al 2004). 

In conclusion., sueiai anxiety was , signlfieanily Hllrwiatcd 
aftei short-term treatment with either the NK1 receptor antaK- 



onist GR205171 or cualopnnn. Both drugs were superior to 
plHcelk* in terms, of response rite and reduction of public 
speaking state anxiety. Neurokinin- 1 receptor blockade, «s 
well asvserotonin reuptake IhhiUlHoii; was [associated with 
reduced itiuiial activity in iheMtly which Iihs to ascribed a 
crucial role In the regulatiCMniiWc^rand anxiety. 
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Abstract This chapter is focused on the pharmacology of most relevant tachyki- 
nin NK X recepto r-selec tive compounds, with emphasis on the progress of knowl- 
edge made possible by their use and on the therapeutic perspectives of these 
drugs. The first peptide antagonists of SP, synthesized about 20 years ago, were 
hampered by poor selectivity for NKi receptors and other serious side effects. 
Since then the number of new compounds, peptidic at first and noripeptidic lat- 
er, being endowed with increasing potency and selectivity toward the NK a re- 
ceptor, has been growing continuously. A milestone in the field has been the in- 
troduction in 1991 of the first nonpeptide compound, CP96345, by Pfizer. 
CP96345 was instrumental, along with RP 67580 from Rhorie-Poulenc, for rec- 
ognition of the existence of speciesrrelaled heterogeneity of NKi receptors, 
CP96345 has been used in a plenty of preclinical studies aiming at investigating 
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the pathophysiological role of the NKi receptor, demonstrating the involvement 
of this receptor in pain perception and inflammation. The following compounds 
introduced in the field have been deprived of the undesircd ion channel-block- 
ing activity accompanying CP96345 and related compounds. By their use, the 
involvement of the NK t receptor in emesis and in mediating affective disorders 
such as depression and anxiety has been proven. Antiemetic and antidepressive 
activity in humans lias been reported first by CP1 22721 from Pfizer and by 
T.754030 (MK869) from Merck, respectively. In contrast, disappointing results 
have heen obtained with tachykinin NK t antagonist tested as analgesics in pa- 
tients affected by osteorathxilis, neuropathic pain, dental pain and migraine, for 
reasons that are still not fully understood. Tachykinin NKi receptor-selective an- 
tagonists arc expected to provide therapeutic effects in peripheral inflammatory 
diseases such as asthma and inflammatory bowel disease. However, the first, tri- 
als with these compounds in asthmatic patients have been negative. 

Keywords Tachykirims • Tachykinin NK, receptor • Tachykinin NK t receptor 
antagonists 

1 

Introduction 

The appearance of the first peplidic antagonists of substance P (SP), at the be- 
ginning of the 1980s, triggered intense research programs undertaken by many 
pharmaceutical companies and which aimed at developing more potent and se- 
lective compounds to be used as drugs for treatment of pamful7inflammatory 
condit ions in which tachykinins were suspected to play a role. Since then, many 
potent antagonists of the NKi receptor have been developed, being devoid of the 
numerous drawbacks that characterized the earlier peptide and nonpeptide 
compounds. The very intense use of these tools in preclinical studies has en- 
abled us to understand the contribution made by tachykinins acting via NK, 
NK 2 and NK 3 receptors to pathophysiological conditions in mammals. As a re- 
sult of these efforts, several tachykinin NKi receptor antagonists are currently 
under clinical investigation for treatment of pain of different origin, inflamma- 
tory bowel disease (JB.D), emesis, anxiety and depression. This chapter is fo- 
cused on the pharmacology of the most relevant tachykinin NK, receptor-selec- 
tive compounds, with emphasis on the progress of knowledge made possible by 
their use in the tachykinin field, and with appropriate hints at the therapeutic 
perspectives of these com pounds. 

2 

The Target Receptor 

The NKi receptor is widely distributed throughout the central and peripheral 
nervous system of mammals, and was originally defined as the mediator of the 
biological activities encoded by the C-terminal sequence of tachykinins for 
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which SP is a more potent agonist than neurokinin A (NKA) or neurokinin B 
(NICE) (for reviews sec Rcgoli et al. 1989; Guard and Watson 1991; Mussap et al. 
1993; Maggi et al. 1993b; Maggi 1995). This concept remained unchanged until 
Schwartz and coworkers (Hastrup and Schwartz 1996) provided evidence, ob- 
tained by radioligand binding and functional experiments, that both NKA and 
NKB are as potent as SP at stimulating the tachykinin NKi receptor (see 
Sect 2.1.2): this conclusion has recently been confirmed by in vivo experiments 
showing NKA to be a potent stimulator of salivary secretion in rats (Bremer et 
al. 2001). As reviewed elsewhere (Regoli et al. 1994; Maggi 1995; Quartara and 
Maggi 1997), the tachykinin NKi receptor has been cloned from several species, 
including man. It is worth mentioning diat until now only one copy of the cor- 
responding gene has been isolated in man and all other species examined. The 
NK! receptor belongs to the supcrfamily of rhodopsin-like G-protein-coupled 
receptors with seven transmembrane spanning segments. Stimulation of the 
NKi receptor leads to generation of at least three different second messenger 
pathways: phosphatidyl inositol breakdown (leading to elevation of intracellular 
calcium); arachidonic acid mobilization (leading to prostanoid generation) and 
cAMP accumulation (for a review sec Quartara and Maggi 1997). 

2.1 

Heterogeneity of NKi Receptors Revealed by Selective Antagonists 
2.1.1 

Spedes-Dependent Heterogeneity of the NIC, Receptor 

The introduction of the first potent and selective nonpeptide antagonists of the 
NKi receptor, namely CP96345 and RP67580 (see Sects. 4.1 and 4.2), gave a 
boost to the research aimed at investigating the role of the NKj receptor as me- 
diator of tachykinin-induced effects in mammals. From the many istudies which 
were undertaken, a striking pharmacological heterogeneity among NK, recep- 
tors belonging to different species emerged. For example, CP96345 was found to 
be 30-100-fold more potent in displacing radiolabeled SP from human, guinea 
pig, bovine, hamster, gerbil and rabbit than from rat or mouse NKi receptors 
(Gitter et al, 1991; Bcresford et al. 1991b). On the contrary, RP67580 displayed 
about 10-20-fold higher potency in blocking rat NK^ receptors than guinea pig 
or human NTCi receptors (Garret et al. 1991; Barr and Watson 1993; Bcaujpuan 
et al. 1993). The existence of pharmacological differences between NKi recep- 
tors present in rodents, on the one hand, and NKi receptors expressed in hu- 
mans and guinea pigs, on the other, was corroborated with other NKi receptor 
antagonists which were subsequently introduced in this field (see Sect. 3.2), such 
as GR82334 (Mcini ct al. 1994) and FK888 (Fujii el al. 1992; Aramori et al. 
1994). It should be noted that the ability to recognize with different affinities 
NKi receptors belonging to different species does not extend to all antagonist 
compounds thus far developed, as demonstrated by the selective antagonist 
SR140333 (see Sect. 4.3) which displaces l25 I-SP specific binding from rat cere- 
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Table 3 Potencies of tachykinin NKj receptor antagonists nt tachykinin NKi, NK 2 and NK 3 receptors 
measured on isolated smooth muscle preparations 




OCA, Dog cerebral arteries; GPI. longitudinal muscle strip of guinea pig ileum; GPTC, guinea pig taenia 
colt; HI human ileum; HT, hamster trachea; HUB, hamster urinary bladder;, RA, rabbit aorta; RCMM, rat 
colon muscularis mucosae; RIS, rabbit iris sphincter; RJV, rabbit jugular vein; RPA, rabbit pulmonary ar- 
tery (endoi Helium-denuded); RPV, rat portal vein; RUB, rat urinary bladder; RVD, rat vas deferens; RVC, 
rabbit vena cava. 

References: 9 Maggi et al. 1-991; b Patacchini et al. 1992; "Williams et al. 198B; d Maggi et al. 1992; *Hagari 
et al. 1990; f Hagah et al. 1991;PMorlmoto et al. 1992; h Fujii et al. 1992; 'Maggi. et al. 1994; I Wang et al. 
1994; "Bonnet et al. 1996; 1 McKnight et aL 1994; m Snider et al 1991; n Garret et al 1991; 0 Emonds-Att et 
al. 1993; * Beattie et al. 199S; "Gardner et al. 1996; r Gitter et al. 1995; 5 Hauser et al. 1994; 1 Boyle et al. 
1994; u Venkova et al. 2002 l -; ,,,t Patacchini ct al. unpublished observations. 
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Table 4 Drawbacks and side effects shown by several tachykinin NKt receptor antagonists 



Confound 




containing two or three DTrp residues, such as [nPro 4 , ITrrp 7, * >10 ]$P (Regoli et 
al. 1984; see Regoli et al. 1994 for review of these analogs). 

3.2 

NK Y Receptor-Selective Peptide-Based Antagonists 

Historically, the first compound reported to be selective for NKi vs. NK 2 and 
NK 3 receptors was the cyclic antagonist L668169, developed at the end of the 
1980s (Williams el al. 1988). L668169, a ctoclecapeptide bearing a lactam con- 
straint between Cly and Leu and a DTrp residue (Table 2), showed at least ten- 
fold higher potency at guinea pig or rabbit NKi receptors as compared to rabbit 
NK 2 or rat NK 3 receptors, whereas it was apparently inactive at rat NK X recep- 
tors (Table 3). L668169 was also able to produce weak but selective blockade 
of contractions: produced by SP in the human isolated ileum (Maggi el al. 1992; 
Table3). 

Soon after the introduction of L668169 a group of researchers at Glaxo 
(Hagan ct al. 199U) presented GR71251 (Tabic 2), an undccapcptidc analog of SP 
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Table 5 Affinities of tachykinin NK, receptor antagonists for NK,, NK 2 and NK 3 .recepiors measured in 
radioligand binding experiments 




BB, Bovine bladder membranes; tfCM, bovine caudate membranes; BR, bovine retina membranes; CHO, 
Chinese hamster ovary cells bearing transfected human NK V NK 7 or NK* receptors; C05-7, cell line bear- 
ing transfected human NK,, NK? or NK 3 receptors; FCC, ferret cerebral cortex; GC, gerbil cortical mem- 



1 
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incorporating a bicyclic conformational constraint designed to eliminate NK X 
receptor-activating conformations. GR71251 was endowed with good potency at 
NKi receptors and selectivity vs. NK 2 and NK 3 receptors (Tabic 3), but it was 
shown to release histamine from rat peritoneal mast cells (Hagan- et al. 1990). 
This side effect, along with rapid metabolic, degradation (Hagan et al. 1991), 
limited the use of GR71251 (Table 4). These problems were overcome with the 
synthesis of GR82534* an undecapeptide compound bearing the same substitu- 
tions introduced in GR71251, but in this case on the backbone of the itoiunam- 
malian tachykinin physalaemin (Hagan et al. 1991; Table 2). GR82334 retained 
the same potency and selectivity for NK r receptors us GR71251 (Table 3) and, 
being devoid of important side effects and being resistant to metabolic degrada- 
tion, became a very useful tool for both in vitro (e.g., Guo et aL 1995) and in 
vivo (e.g., Hagan ct al. 1991; Beresford et al. 1991a) studies (see also Table .1). 

A systematic approach was undertaken by researchers at Fujisawa in the early 
1990s to identify the minimal sequence contained in the octapeptide SP antago- 
nist IbPro 4 DtVp 7 ' 9 ' 10 Phe u 1SP(4-ll) that was capable of binding with sufficient 
affinity to tachykinin receptors. After a subsequent lead optimization, low-mo- 
lecular weight peptide fragments endowed with high affinity and selectivity for 
NK'i receptors were identified, the most interesting being the trip.eptide 
FR 113680 (Morimoto et al. 1992; Table 2). FR1 13680 displayed a fairly good af- 
finity for guinea pig NKi receptors, whereas it was inactive/much less active at 
rat NKj receptors and at NK 2 and NK 3 receptors (Tables 3, 5). 'in in vivo experi- 
ments, FR1 13680 (1-10 mg/kg intravenously) fully prevented both bronchocon- 
striction and airway edema induced by SP, and only partially the effects pro- 
duced by NKA or capsaicin, thought to be mediated by both NK 2 and NKi re- 
ceptors (Murai et al. 1992). Nevertheless, FR 11 3680 was not developed as anti- 
asthmatic drug by Fujisawa, .betau.se of its unfavorable chernico-physical char- 
acteristics (Hagiwara et al. 1993; Table 4). Rather,, a new series of short peptides 
was synthesized that had reduced weight and lipophilicity: the most promising 
compound of tliis series was FK888 (Table 2; Fujii el al. 1992). FK888 showed 



4 : : 

brancs; GPC, guinea pig cortex membranes; GPt, guinea pig lung membranes; Hcaud, human caudate 
homogenate; HUB, hamster urinary bladder cell membranes; IM9, human lymphoblastoma cell line 
membranes; MSC, mouse spinal cord membranes; NE, not effective; RB, rat brain membranes; RCC rat 
cerebral cortex membranes; RD, rat duodenum smooth muscle membranes; RFM, rat forehrairi mem- 
branes; Rl, rat ileum; RUB, rat urinary bladder cell membranes; U373MG, human astrocytoma cell line 
membranes. 

References: 1 Morimoto et al. 1 992; b Fujii et al. 1 992; c Bonnet et al. 1 996; d Astolfi et aL. 1 997; * Cirilloetal. 
2001; f McKnight et al. 1994; » Sakurada et al. 1992; h Snider et al. 1991; 1 McLean et al. 1993); j McLeaii et 
aL 1996; k Tsuchlya et al. 2002; 1 Garret et al. 1991; m Fardin et aL 1994; n Emonds-Alt et al. 1993; 0 Emunds- 
Alt et al. 2002; p Beattle ct al. 1995; q Gardner ex al. 1996; r Harrison ct al. 1994; * Hale et al. 1996; e Hale et 
at 1998; u Casderl et al. 1994; v Madeod et al. 1995; * Gitter et al. 1995;. x Hauser et al. 1994;* Walpole et 
al. 1998a; z Vassout ct al. 2000; M Boyle et al. 1994; bb Singh et al. 1997; "Natsugari et aL 1999; * Megens 
etal.200Z 
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higli alllnity for (guinea pig) NKi receptors and remarkable selectivity vs. rat 
NK A , NK 2 and NK 3 receptors (Tables 3, 5). Furthermore, FK888 was found to be 
active in blocking airway edema, plasma protein extravasation and other re- 
sponses produced by exogenous and endogenous tachykinins in in vivo bioas- 
says, even after oral administration (Table 6; Fujii et al. 1992; Murai et al. 1993; 
Hirayaina et al. 1993; Wang et al. 1994b). Owing to its potency and lack of non- 
specific effects, FK888 was regarded as promising candidate for the treatment of 
asthma in clinical trials. However, FK888 failed to afford beneficial effects on ex- 
ercise-induced bronchoconstriction in asthmatics, even though it significantly 
shortened the recovery times, suggesting a possible role of tachykinin NKi re- 
ceptors in Ihe late bronchoconslriclor response to exercise (lchinose et al. 
1996). 

A strict analog of FK888 is represented by the Servier compound SI 8523: a 
dipcptidc bearing a tetrazolyl-butyl group on the indole nitrogen of FK888 (Ta- 
bled; Bonnet et al. 1996). S18523 shows highly improved water solubility corn- 
pared to FK888 and slightly higher affinity for human and rabbit NKi receptors 
(Tables 3, 5; Bonnet et al. 1996). In vivo, S18523 exerts potcnl antinociceptive 
effects in classical pain tests (hot-plate in mice, phcnylbenzoquinone- induced 
writhing in mice and formalin test in rats), and blocks SP- or capsaicin-induced 
plasma protein extravasation in guinea pigs, also after oral administration. 

Another example of a short peptide endowed with high potency and selectiv- 
ity for the NK j receptor is represented by MEN 10930, a tripeptide analog of 
FK888 synthesized at Menarini Laboratories (Table 2; Astolfi et aL 1997). 
MEN10930 potently and selectively bound to human transfected NK| receptors, 
whereas it showed approximately 10,000-fold lower affinity for the rat NK'i re- 
ceptor subtype (Table 5). Further modifica lions of MEN10930 led to discovery 
of a partially retro-inverse peptidomimetic antagonist: MEN11467 (Table 2). 
MEN11467 is characterized by the presence of a diaminocyelohexane moiety 
and of a (2-naphthy])alaninc residue, inserted in a reversed direction starting 
from the C terminus. These modifications preserve MEN11467 from enzymatic 
degradation, while the high affinity for the NK r receptor is conserved (Cirillo et 
al. 2001). MEN11467 showed high affinity and selectivity for human NK X recep- 
tors in binding experiments, with clearly insurmountable kinetics of action 
(Cirillo. et al. 2001; Table 5). In vivo, oral administration of MEN1 1467 produced 
a long-lasiing inhibition of both bronchoconstriction and plasma protein extra- 
vasation induced in anesthetized guinea pigs by a selective NKi receptor agonist 
(Cirillo et al. 2001; Table 6). MEN 11467 was also able to prevent albumin-in- 
duced mucus secretion in sensitized ferrets (Khan et al 2001) and was therefore 
proposed for development as an antisecretory drug hi allergic asthma. In con- 
trast to its peripheral activity MKN1 1467 showed poor ability to penetrate into 
the central nervous system (CNS) and block central NRi receptors (Cirillo et al. 
2001). 

An approach similar to that of Fujisawa-that is identification of a short pep- 
tide sequence bearing appreciable affinity for tachykinin receptors followed by 
optimization-was followed by a group of researchers at Parke-Davis, leading to 
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Table 6 Preclinical in vivo effects of tachykinin NKt receptor antagonists being of possible therapeutic 
relevance 
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Table 6 (continued) 




lev., Intracerebroventricular; Ld., intraduodenal; i.p. r intraperitoneal;. i.t. r intrathecal; Lv., intravenous; 
s.c, subcutaneous; p.a, per os. 

References: * Fujii et al. 1992; b Hirayama et al. 1993; c Cirillo et al. 7001; ri Iced ct aL 1991; c Yashpal ct al. 
1993; 1 Lembeck et al. 1992; « Lei et al. 1992; h McLean et aL 1993; 1 Piedimontc ct aL 1993; ' Rupniak ct 
aL 1995; k Tattersall et al. 1993; 1 Watson et al. 1995; ™ Garret et al. 1991; "Lcc ct al. 1994; 0 Croci ct aL 
1997; > Moriarty et aL 2001; * Beanie et aL 1995; 1 Gardner et aL 1995; * Gardner ct al. 1996; t Kramer ct 
aL 1998; u Sohea et aL 2002; v Vassoutot al. 1994; w Vassout et al. 2000; x Gonzalez et al. 1998; > Gonzalez 
et al. 2000; < Doi et al. 1999; ^Doi ct aL 2000; bb Okano et al. 2001; fr Okano et aL 2002. 

development of a number of peptoid compounds, the most potent of which was 
Cam2819 (Table 2). Cam281 9 showed nanomolar affinity for. guinea pig, rabbit 
and human NKi receptors (Tables 3, 5; McKnight et al. 1994). 

In 1992 Sakurada and coworkers reported the identification (from random 
screening) of an extremely potent antagonist of SP: sendide (or selective NK t re- 
ceptor u-amino acid-containing peptide; Table 2). Sendide showed a sub- 
nanomolar affinity for NKi receptors in the mouse spinal cord (Table 6). Selec- 
tivity of sendide for NKt oyer NKi and NK> receptors was claimed on the basis 
of an in. vivo -experiment i n wliich sendide (intrathecally administered) was at 
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least 100-fold more potent in preventing SP from inducing scratching, biting 
and licking in the mouse than in preventing NKA or NKB from eliciting these 
responses (Sakurada et al. 1992). Subsequently, scnclide was shown to produce 
antinociceptive effects in the mouse paw formalin test (Sakurada et al. 1995) 
and antiemetic effects in the cispiatin model of eniesis in the ferret (Minami et 
al. 1998). However, the utility of sendide as NKj receptor antagonist was ham- 
pered by several factors, including its poor activity at NK! receptors present in 
species different from the mouse (Table 4). 

4 

Nonpeptide Antagonists 

4.1 

CP96345 and Related Compounds 

Th^era of nonpeptide antagonists for the NKy receptor of tachykinins began in 
QlJ9j/ when the first one of this series, CP96345, was reported by Pfizer (Snider 
efal. 1991). The introduction of CP96345 gave rise to plenty of structure-activi- 
ty studies all over the world, leading to discovery of new nonpeptide com- 
pounds, aud io plenty of studies aiming at investigating the pathophysiological 
role of the N K'i receptor by the use of this new potent antagonist. CP96345 
(Fig. 1) is a quinuclidine derivative, discovered by the screening of a chemical 
collection followed by lead optimization (Lowe et al. 1992). CP96345, in its ac- 
tive form [the (2S,3S)-enantiomer], displays high affinity forNKi receptors 
present in human, guinea pig, rabbit and other human-related species, and re- 
markable selectivity over NK 2 and NK 3 receptors. In contrast, it recognizes with 
much less affinity NKi receptors of rodents (Tables 3 and 5); These observations 
were instrumental for recognition of the existence of species-related heterogene- 
ity of the NIC! receptor (see Sect. 2.1.1). hrom the many in vivo studies in which 
CP96345 was used, the role played by NKi receptors in nociception received 
strong support (Table 6). For example, (+)-CP96345 selectively blocked the aver- 
sivc behavior induced by intrathecal SP in mice, and also produced mild analge- 
sic effects in the hot plate test (Lccci ct al. 1991). CP96345 prevented excitation 
of dorsal horn neurons in cat spinal cord following application of noxious heat 
to the appropriate receptive field in the hind limb (Radhakrishan and Henry 
1991). In other studies, CP96345 was proven to inhibit carragccnin-induced me- 
chanical hyperalgesia in rats (Birch el al. 1992), paw licking induced by formalin 
in mice (Sakurada et al. 1993), abdominal stretching induced by inlracoloriic in- 
stillation of acetic acid in mice (Nagahisa et al. 1992), tail flick responses in- 
duced by noxious thermal and chemical stimuli in the rat (Yashpal et al. 1993) 
and vocalization induced by mechanical stimuli of mononeuropathic and dia- 
betic rats (Coudor^-Civialc ct al. 1 998). 

Unequivocal evidence for the involvement of NKi receptors in mediating in- 
flammatory responses was provided by means of CP96345 (Table 6). For exam- 
ple, CP96345 was found effective in preventing plasma protein extravasation 
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CP96345 




CP 99994 
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CP 122721 




CJ11974 
(Ezlopitant) 





SR 140333 
(Nolpitantium) 




KHH 100893 
(Dapitant) 




CI 

SSR240600 

Fig. 1 Chemical structures of nonpeplide tachykinin NK, receptor antagonists: I 



and/or edema caused by several pro-inflammatory stimuli such as capsaicin' in 
the rat urinary bladder (F.glezos.et al, 1991), SP, mustard oil and stimulation of 
the saphenous nerve in the rat hind paw skin (Lembeck et al. 1992) as well as 
cigarette smoke in the rat trachea (Delay-Goyel and lundbcrg 1991; Dclay-Goyct 
et al. 1992). Likewise CP96345 prevented neurogenic plasma exudation evoked 
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by electrical stimulation of the cervical vagus and by intravenous (i.v.) capsaicin 
in guinea pigs (Lei et al. 1992). CP96345 (administered chronically) has recently 
been shown to attenuate significantly colonic inflammation and oxidative stress 
produced by dextran sulfate in rats: an animal disease model resembling chron- 
ic ulcerative colitis in humans (Stucchi et al. 2000). Although not described in 
the original reports on CP96345 pharmacology* several nonspecific effects pro- 
duced by this compound, both in vitro and in vivo> were reported (Table 4). 
Subsequent investigations of these nonspecific effects showed that they are due 
to interaction of CP96345 with several ion channels, including L- and N-typc 
calcium channels (Schmidt et al. 1992; Guard et al. 1993), and voltage-dependent 
sodium channels (Caesar ct al. 1993). Two relevant observations dealing with 
nonspecific activities of CP96345 are worth mentioning: (a) these effects are 
equally exerted by either the (+) (named: CP96344) or (-) isomer of CP96345, 
while the NKi receptor affinity is present in the (-) isomer only, and (b) they 
are evident al inicromoiar concentrations. It follows that, due to the reduced af- 
finity of CP96345 for rat and mouse NKx receptors (compared to that for NK X 
receptors of other species), the window of selectivity between doses of CP96345 
producing specific (i.e., NK t receptor-mediated) vs. nonspecific (i.e., membrane 
channel-mediated) effects is narrow in the rodent species. Thus, the introduc- 
tion of the (+) isomer (CP96344) as control drug in studies in which CP96345 is 
used, is necessary to avoid misinterpretation of the results. 

In an attempt to overcome the many drawbacks of CP96345, Pfizer re- 
searchers synthesized GP99994, a compound in which the quinuclidine ring of 
CP96345 was replaced by a piperidine, and the benzhydryl moiety by a benzyl 
group (Fig. 1; McLean et al. 1993). Only the (2S, 3S) isomer of OP99994 (like 
CP96345) shows considerable affinity for NKi receptors, whereas the (2R, 3R) 
enantiomer (named CP1002G3) is more than 1000-fold weaker at NKi receptors. 
CP99994 shows high affinity for human NKi receptors comparable to that of 
CP96345 (Table 5), but a 100-fold reduced affinity (TC 5 o=3 ^M) for T.-type calci- 
um channels relative to CP96345 (IC 50 =27 nM) (McLean et al. 1993). Similarly 
to CP96345, CP99994 showed marked antinociceptive activity and was a polent 
inhibitor of plasma protein extravasation in the airways (Table 6). However, 
some nonspecific effects of CP99994 (Le., effects shared by its inactive enanti- 
omer GP100263) in antinociceptive tests in the rat, mouse and gerbil have been 
reported (Table 4; Smith el al. 1994; Rupniak et al. 1995). In this regard it is 
worth to mention the study of Lombet and Spedding (1994) who showed 
GP99994 to interact with phenylalkylainiiie calcium channels in rat skeletal mus- 
cle membranes, with quite the same potency of OP96345 (Xi=0.17 vs. 0.94 /xM, 
respectively), indicating that even CP99994 may have the potential of producing 
'nonspecific' effects under certain circumstances. On the basis of its preclinical 
profile, CP99994 has been used in clinical trials to prove its analgesic and anti- 
asthmatic properties, obtaining conflicting results. Diomie el al. (1998) reported 
that CP99994 reduced postoperative pain in patients undergoing dental extrac- 
tion, although the nonsteroidal antinflammatory agent, ibuprofen, was more ef- 
fective. On the other hand, CP99994 failed to produce significant analgesic activ- 
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ily in patients suffering from peripheral neuropathy (Suarcz ct al. 1994), and 
was proven unable lo prevent brpnehoconstriction and cough induced by hyper- 
tonic saline in mild asthmatic patients (Fahy et al. 1995). 

CP99994 was the first NK X receptor antagonist to be used for demonstrating 
that blockade of NK X receptors produces antiemetic effects against a broad vari- 
ety of emetogenic stimuli (Table 6). In 1993 Bountra et al. and Tattersall et al 
(1993) reported that CP99994 is effective in the ferret in attenuating emesis in- 
duced by cisplalJn, morphine, ipecacuana, copper sulfate, radiation and other 
cytotoxic drugs. Subsequendy the antiemetic activity of CP99994 was proven 
in the dog (Watson et al. 1995), Suncus murinus (Tattersall et al. 1995) and cat 
(Lucot et al. 1997) against a variety of central, peripheral and mixed central and 
peripheral emetic stimuli. An interesting follow-up of CP99994 was CP122721 
(Fig. 1), an analog bearing an additional trifluoromethoxy group in the benzyl 
ring of the molecule. CP122721 shows similar high affinity for human NK, re- 
ceptors as CP99994 (Table 5) and 1000-fold reduced ability to interact with cal- 
cium channels than its parent compounds, CP96345 and CP99994 (McLean ct al. 
1996). The analysis of the kinetics of interaction of CP122721 with the NKi re- 
ceptor indicated a noncompetitive/insuriiiounlable behavior of this antagonist 
(McLean et al. 1996). CP1 22721 was consistendy more potent than CP99994 in 
blocking cap saicin-induced plasma protein extravasation in guinea pig ureter 
and lung: the greater potency of CP 122721 was attributed to its improved bio- 
availability and to its insurmountable mechanism of action (McLean ct al. 
1996). Like CP99994, CP1 22721 was shown to be a potent inhibitor of both 
retching and vomiting elicited by a broad spectrum of emetic agents in ferrets 
(Gonsalves et al. 1996). The efficacy of CP122721 has been confirmed in clinical 
trials in which this compound significandy attenuated delayed emesis clue to 
cisplatin chemotherapy (Kris et al 1997) and postoperative nausea and vomit- 
ing (Geszlesi ct: al. 1998, 2000). 

A further development of Pfizer compounds is represented by CJ11974, or 
ezlopitant, a quinuclidine analog of CP96354 bearing an additional isopropyl 
group in the benzyl ring (Fig. 1). CJ11974 is endowed with high affinity and se- 
lectivity for human NKi receptors, and oral efficacy in preventing cisplatin-in- 
duced emesis in ferrets (Tsuchiya et*al. 2002; Table 5). The therapeutic potential 
of this compound has been documented in Phase 11 clinical trials (Evangelista 
2001). CJ 11974 proved to be effective in controlling chemplherapy-indiiced 
emesis (Hesketh el al. 1999), but as it was less effective for nausea it was discon- 
tinued for this indication (Evangelista 2001). Subsequendy* CJ11974 has been 
shown to reduce emotional responses to rectosigmoid distension and related 
symptoms in patientis affected by irritable bowel syndrome (IBS) (Lee el al. 
2000), and consequently il is currently being developed for this indication 
(Evangelista 2001). 
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4.2 

RP67580 and Related Compounds 

Soon after the introduction of the first nonpeptide NKj receptor antagonist, 
CP96345, another interesting compound was described by researchers at 
Rhonc-Poulcnc: RP67580 (Garret ct al. 1991). As discussed before (see 
Sect 2.1.1) RP67580 has been instrumental in unraveling the species -dependent 
variations in ihe pharmacology of NKi receptor antagonists, being significantly 
more potent at rat or mouse than guinea pig or human NKj receptors. RP67580 
is a perhydroisoindolone derivative (Fig* 1), whose affinity for NK| receptors 
(Table 5) is confined to the (3aR, 7aR) enantiomer, whereas the (3aS, 7aS) enan- 
tiomer (or RP 68651) is inactive up to 10 fM (Garret et al. 1991). RP67580 
showed good selectivity relative lo NK 2 and NK3 tachykinin receptors (Tables 3 
and 5) and was found to be as potent as morphine in two classical tests for anal- 
gesia: phenylbenzocjuinone-induced writhing and formalin test (Garret et al. 
1991; Table 6). Further in vivo studies confirmed the ability of RP67580 to pro- 
duce stereoselective aiialgesic/antuiflammalory effects against various stimuli. 
As an example, RP67580 attenuated chronic hyperalgesia in strcpto/olocin-Ln- 
duced diabetic rats (Courliex et al. 1993), prevented capsaicin- induced plasma 
protein extravasation in the dura mater of guinea pigs (Moiissaoui et al. 1993) 
and plasma protein extravasation in the dura mater of rats elicited by electrical 
stimulation of the trigeminal ganglion (Shcpheard et al. 1993). Holzer-Petsche 
and Rordorf-Nikolic (1995) noticed that intrathecal RP67580 was able to inhibit 
reflex changes of mean arterial pressure aind intragastric pressure in response to 
systemic capsaicin administration in anesthetized rats, whereas intravenous ad- 
ininisl ration of RP67580 was not, concluding that this could be due to insuffi- 
cient penetration of this antagonist through the blood-brain barrier (Table 4). A 
further drawback of RP67580 is its ability to interact with various calcium chan- 
nels at submicromolar to micromolar concentrations (Lombel and Spedding 
1994; Rupniak et al. 1993). Although it remains to be clarified whether this cal- 
cium blocking activity of RP67580 resides equally in Ihe two enantiomers, it has 
been argued that this mechanism could be responsible for acute antinociceptive 
effects produced by RP67580 in several animal models of pain. The former con- 
clusion is supported by the observation that the channel blockers nifedipine 
and verapamil are as effective as RP67580 in one of these models (formalin paw 
test in gerbils; Rupniak et al. 1993). 

The recognition of the existence of species-dependent variations of the NKi 
receptor, and the observation that RP67580 was more potent on the rodent type 
rather than on the human type, prompted Rhone-Poulenc researchers to under- 
take structure-activity studies in order to improve die selectivity of their com- 
pound toward the human type NKi receptor. The most interesting outcome of 
this search was the nonpeptide RPRl 00893 (Fardin et al. 1994), a product bear- 
ing an additional aromatic ring in the RP67580 structure: a modification leading 
to increasing structural complexity of the molecule (i:e., two additional stere- 
ogenic centers) (Fig. 1). RPR100893 has 100-fold higher affinity for human NKi 
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receptors than for rat or mouse receptors (Fardin ct al. 1994) (Table 5), showing 
time-dependent kinetics in its binding to the human receptor* and insurmount- 
able antagonism of SP-induced inositol phosphate production in cultured hu- 
man U373MG astrocytoma cells (Fardin et aL 1994). In vivo, RPR 100893 
showed good oral bioavailability and efficacy in preventing plasma protein 
extravasation induced by either tachykinins or capsaicin in guinea pig tra- 
chea, and in reducing formalin-induced nociceptive behavior in guinea pigs 
(Moussaoui et al. 1994). In particular, Lee et al. (1994) demonstrated the ability 
of RPR100893 to block plasma protein extravasation within the dura mater and 
conjunctiva of guinea pigs induced by capsaicin or electrical stimulation of the 
trigeminal ganglion, and suggested that this compound (or others of the same 
series) could prove to be useful for treating migraine and cluster headaches 
(Table 6). This latter hypothesis was further supported by Cutrer et al. (1995) 
who showed RPR100893 capable of selectively reducing c-fos expression in the 
trigeminal nucleus caudalis in guinea pigs, elicited by intraci sternal injection of 
capsaicin. However, subsequent clinical trials with RPR 100893 have failed to 
show any efficacy against migraine pain (Rupniak and Kramer 1999). 

4.3 

SR140333 and Related Compounds 

In 1993 Emonds-Alt and coworkers at Sanofi discovered the piperidine -based 
compound SR140333 {Fig. 1), one of the most potent and selective NKi receptor 
antagonists since then developed (Table 5). SR140333 was reported to possess 
subnanomolar affinity for NK^ receptors of various species, including human, 
guinea pig and rat: thereby showing no preference for any of the two NKi recep- 
tor 'families' previously identified by the use of other antagonists (see 
Sect; 2.1. J j Kmonds-Alt et al. 1993). As for oilier nonpeptide antagonists con- 
taining stereogenic centers in the chemical structure, the affinity of SR140333 
for NKi receptors was (much) higher in one enantiomer, [the (S) enantiomer], 
than in the corresponding (R) enantiomer (or SR14U603). SR140333 was proven 
to be a highly potent antagonist at NKi receptors present in classical isolated 
smooth muscle preparations such as the guinea pig ileum and the rabbit pulmo- 
nary artery. However, in these bioassays SR140333 produced insurmountable ef- 
fects, probably due to the slow rate of reversibility of its receptor interaction 
(Emonds-Alt et al. 1993; Table 3). In vivo, SR140333 potendy [50% effective dose 
(EDjio) ranging from 3 to 42 fig/kg i.v.] antagonized hypotension, bronchocon- 
striction and plasma protein extravasation in the skin elicited by selective NK t 
receptor agonists in dogs, guinea pig;s and rats, respectively (Kmorids-Alt et al. 
1993). Subsequent investigations aiming at clarifying the role of NKi receptors 
in nociception and neurogenic inflammation demonstrated die efficacy of 
SR140333 in various animal models of pain and inflammation. As an example, 
SR140333 reduced the mouse ear edema provoked by topical capsaicin applica- 
tion (Inoue et aL 1996), abolished the tail-flick reflex facilitation induced by 
noxious heat in rats (Jung et al. 1994), abolished the cutaneous edema induced 
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by electrical stimulation of the rat saphenous nerve (Towler and Brain 1998), re- 
duced colonic inflammatory responses induced by trinitrobenzene sulfonic acid 
in the rat (Mazelin et al. 1998) and produced a long-lasting inhibition of mus- 
tard oil-induced plasma protein extravasation in the dorsal skin of the rat hind 
paw (Amarm et al. 1995). However, Ainann and coworkers (1995) also reported 
that SR140333, at doses that caused inhibition of neurogenic inflammation, was 
unable to prevent the acute behavioral responses elicited in conscious rats by 
chemical irritants (capsaicin, PGK2) 0 r noxious heat. In an in vivo model of 
chemically induced diarrhea, Croci et al, (1997) have shown that systemic pre- 
sentment with SR140333 may (partially) reduce both fecal mass excretion and 
the rate of diarrhea in castor-oil treated rats, without producing constipation in 
normal, untreated rats. More recently, the potential use of SR140333 as an anti- 
diarrheal drug for food allergy or IBS has been supported by the ability of 
SRM0333 to reduce the secretory responses evoked in the human colonic muco- 
sa by either mast cells or by primary afferent neuron stimulation (Moriarty et 
al. 2001; Table 6). 

A follow-up compound of SR140333 is SSR240600 (Emonds-Alt et al. 2002; 
Fig. 1). SSR2406Q0 maintains a very high affinity for the human NKi receptor 
present in different human cell lines (Table 5), coxnparable to that shown by the 
parent compound SR140333. However SSR240600, unlike SRI 40333, can distin- 
guish among species, being consistently less potent on rat and gerbil NK r recep- 
tors than on human or guinea pig receptors (Erhonds-Alt et at 2002). Like 
SR140333, SSR240600 has been reported to produce insurmountable antago- 
nism of NK|-receptor mediated responses obtained in isolated preparations, 
and long-lasting inhibitory effects against hypotension, bronchoconstriction 
and plasma protein extravasation elicited by selective NK-1 receptor agonists in 
dogs and guinea pigs, respectively (Emonds-Alt et al. 2002). Moreover, 
SSR240600 was able to prevent citric acid-induced cough in guinea pigs (where- 
as SR140333 was not): an effect claimed to be due to its easy penetration into 
the brain (Emonds-Alt et al. 2002). Concomitantly, Steinberg et al. (2002) have 
reported that SSR240600 inhibits distress vocalization induced by maternal sep- 
aration in guinea pig pups and counteracts the increase in body temperature in- 
duced by isolation stress: two effects that suggest a potential anticlepressant-like 
activity of this compound, as shown previously for certain Merck compounds 
found active in similar animal models (see Sect. 4,5). 

4.4 

GR203040 and Related Compounds 

Structure-activity studies on the backbone of the Pfizer compound CP99994 
were undertaken by researchers at Glaxo, aiming at improving oral bioavailabil- 
ity, metabolic stability and specificity of action of this molecule. Their efforts 
lead, to the discovery of a tetrazole-substituted analog of CP99994, named 
GR203040 (Fig. 2; Ward et ah 1995; Beattie et al. 1995). GR203040 showed slight- 
ly higher affinity for human NK, receptors expressed by different cell lines than 
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the parent compounds CP99994 and CP96345, whereas at rat NKj receptors 
GR203040 was approximately 50-fold less pblehl than, at human receptors, as 
observed for CP99994 and CP96345 (see Table 5; Beattie et al. 1995). As : for the 
Pfizer compounds, Ihe affinity for NKx receptors was a linos I completely con- 
fined in the (25, 3S) enantiomer (i.e M GR203040), while the corresponding enan- 
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tioiner (2jR, 3JR) (or GR205608) was about 10,000-fold weaker at the human- type 
NKi receptor (Beattie et al. 1995). A significant improvement in the pharmacol- 
ogy of GR203040, over CP96345 and CP99994, was the reduced/lack of affinity 
of the Glaxo compound for various Na + or Ca 2+ ion channels; a side-effect that 
had seriously hampered the use of both Pfizer compounds (Ueattie et al. 1995). 
On isolated tissues GR203040 potently, but insurmountably, antagonized NKi 
receptor-mediated responses, probably due to its slow dissociation rate from the 
receptor (Table 3). In vivo> GR2Q3040 was found to gain rapid access to the CNS 
(in the gejrbil) and to reduce carotid vascular resistance (induced by local ad- 
ministration of SP methyl ester; Table 6); this latter effect was thought to be rep- 
resentative of NK! receptor-mediated craniovascular dilatation. Moreover, 
GR203040 antagonized NK! receptor- mediated cranial vasodilatation in vitro (in 
dog cerebral arteries) and plasma protein extravasation in the rat dura mater; 
these results prompted Beattie and coworkers (1995) to propose GR203040 as a 
candidate therapeutic agent in the clinical management of migraine. In addition, 
GR203040 was shown to possess potent (about 30-fold more than CP99994), 
prolonged and broad-spectrum antiemetic activity in the ferret, dog and Suncus 
murinus, after intravenous or oral administration (Table 6), suggesting that it 
could prove useful in the control of cmcsis associated with cancer chemotherapy 
and possibly with odier diseases (Ward et al. 1995; Gardner et al. 1995). 

Further structure-activity studies on close analogs of GR203040, aimed at 
the optimization of the ant iemetic properties of this structural type of molecule, 
led to the identification of GR205171, a trifluoromcthyl-siibstitutcd compound 
at the C-l position of the tetrazole ring present in the GR203040 structure 
(Gardner et al. 1996; Fig. 2). GR205171 was Shown to possess a pattern of affini- 
ties for tachykinin and nontachykinin receptors very similar to that shown by 
GR203.040, with a potency at various ion channels being a I least 1000-fold lower 
than that at human NKi receptors (Gardner et al. 1996; Table 5). GR205171 was 
reported to produce long-lasting antiemetic activity in the ferret, dog and Sun- 
cus tnurinus, against a variety of emetic stimuli, including stimuli (like mor- 
phine, copper sulfate and motion) that produce emetic responses refractory to 
treatment with 5-HT^ receptor antagonists, at doses approximately threefold 
lower than those required with GR203040 (Gardner et al. 1996). In particular 
GR205171 was fully active in both ferret and dog following oral administration 
at doses only threefold higher than the minimum fully effective parenteral dose 
(Gardner et al. 1996; Table 6). Subsequent investigations have suggested a poten- 
tial usefulness of GR205171 in counteracting drug-induced conditioned aversivc 
behavior and nausea, as shown by McAllister and Pratt (1998) who found 
GR205171 capable of preventing conditioned taste aversions in rats provoked by 
administration of appmorphine or amphetamine. In clinical trials, GRi205171 
has been proven effective in reducing the rate of postoperative nausea and vom- 
iting in patients undergoing major gynecological surgery, being well tolerated 
and producing no major adverse effect (Diemunsch et al. 1999). In contrast, 
GR205171 was found ineffective in preventing motion-induced nausea in 16 
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healthy subjects, even in combination with the 5-HT 5 receptor antagonist on- 
dansetron (Rcid ct al. 2000). 

4.5 

L75403O (MK869) and Related Compounds 

Structure-activity studies aimed at obtaining highly potent and selective NKi 
receptor antagonists, devoid of the side effects accompanying the first Pfizer 
compounds, were undertaken at Merck, based on the backbone of CP96345 first, 
and of CP99994 later. A first class of Merck compounds derived in such way 
were quinuclidine benzyiether derivatives; one of the most important represen- 
tative was a bis-trifluoromethyl analog, named L709210 (Fig. 2) whose affinity 
for human NKi receptors ranged from 0.7 nM to 1.3 jiM, depending on the dia- 
stereoisomer under examination (Swain et al. 1993). Another series of early 
Merck compounds is that of bcnzylamino piperidines. The first example of these 
-structures is L733060 (Pig. 2), which bears a 3,5-bistrifluoromethyi benzyiether 
moiety in the place of the 2-methoxy beiifcyiamine moiety present in CP99994 
(Harrison et al. 1994): L733060 was shown to be a stereoselective (2S> 3S being 
the active enantiomer) highly potent ligand of human NKi receptors in vitro 
(Harrison et al. 1994; Seabrook et al. 1996; Table 5) and a potent antagonist 
of NKi receptor-mediated neurogenic plasma protein extravasation in rats 
(Seabrook et al. 1996). L733Q60 also reduces the late phase of the nociceptive re- 
sponse (paw licking) to formalin injection in gerbils [50% inhibitory dose IC 5U ) 
of about 0.2 mg/kg i.v.] (Rupniak et al. 1996). L 733060 has been instrumental in 
demonstrating an antidepressant-like activity of the tachykinin NK X receptor 
antagonists. In preclinical assays, Kramer aiid coworkers (1998) showed that 
L733060 (but not its less active enantiomer L733061) abolished vocalizations 
elicited in guinea pigs by intraccrcbroventricular (i.e. v.) injection of an NK, re- 
ceptor-selective agonist, an effect shared by the antidepressants imipramine and 
fluoxetine. Furthermore, L733060 was able to prevent vocalizations evoked in 
guinea pig pups by transient maternal separation, as did certain antidepressant 
or anxiolytic drugs (Kramer et al, 1998). This study provided the first preclinical 
evidence that blockade of central NKj receptors could inhibit a psychological 
stress response^ and led Merck researchers to a undertake clinical trials to eval- 
uate MK869 (see below) in patients suffering from depression associated with 
anxiety. 

Subsequent structure-activity efforts -on this series of compounds were de- 
voted to reducing the affinity-typical of such structures-for Ca ? 1 channels and 
improving oral bioavailability (for a chemical review of these structures; seei 
Quartara and Maggi 1997). One of the inost promising outcomes was L742694 
(Fig. 2), a compound bearing morpholine at the place of pipcridine in the prpr 
cursor L733060 and a triazolone structure attached to the morpholine nitrogen 
(Hale ct al. 1996). As compared to CP99994, L742694 gained affinity at human 
NKi receptors (Table 5) while showing threefold lower affinity than CP99994 for 
L-typc Ca i+ channels (Hale el ah 1996). Further investigation into the molecular 
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mechanism of interaction of L742694 with the human NKi receptor, in which 
the radiolabeled [ 3 H]L742694 was used (Cascieri et aL 1997), demonstrated that 
it behaves as a competitive antagonist but, due to its slow rate of dissociation 
from the receptor, can act as a pscudoirreversible antagonist under particular 
experimental conditions. In vivo, L742694, given orally, inhibited SP-induced 
plasma protein extravasation in guinea pig skin with about 170-fold higher po- 
tency than CP99994 (ID 50 =0.009 vs. 1.6 mg/kg) (Hale et ai. 1996), and blocked 
acute retching induced by cisplatin in ferrets (Rupniak et al 1997). Structural 
modifications of 1.742694 were introduced to reduce metabolic degradation of 
this morpholine acetal derivative. The result of these efforts was the discovery 
of L754030 (also known as aprepitant or MK869; Fig. 2) a fluorine derivative of 
L742694, showing conserved high affinity for the human NK l receptor (Table 5) 
and high oral efficacy in preventing vascular leakage induced by resinifexatoxin 
in guinea pigs or foot tapping behavior induced by central infusion of an NK X 
selective agonist (GR73632) in gerbils (Hale et al. 1998). In particular, antagonist 
administration 24 h prior to resiniferaioxin challenge or GR73632 infusion re- 
vealed a three- to tenfold higher potency of 1.754030 than L742694, whereas an- 
tagonists like CP122721 (Sect. 4.1) or GR205171 (Sect. 4.4), altliough being 
equipo tent/more potent than L754030 within lh of administration, were ineffec- 
tive or tenfold less effective than L754030 24 h post- treatment, demonstrating a 
very long duration of action of L754030 relative to piperkline-based compounds 
(Halie et al. 1998). In addition, L754030 proved to be more potent than L742694 
in preventing cisplatin-, morphine- or apomorphirie-induced emesis in ferrets ; 
and was selected by Merck as candidate for treatment of various pathological 
conditions in which NKi receptors arc thought to play a role (Hale et al. 1998). 
As a matter of fact, L754030 (300 mg/day) was the first tachykihin NKi receptor 
antagonist to be shown efficacious in producing antidepressant and anxiolytic 
activity in outpatients with major depressive disorder and high anxiety levels, 
in a randomized, double-blind, placebo-controlled study (Kramer et al. 1998). 
Goncomitant biochemical investigations in gerbils led Kramer and coworkers 
(1998) to claim that 1.754030 works differently from established antidepressant 
drugs, with no augmentation of norepinephrine or serotonin function provoked 
by L754030 administration. Subsequendy, L754030 and its water-soluble pro- 
drug, L758298 (Hale et al. 2000) were found effective in reducing delayed emesis 
induced by cisplatin treatment in patients with malignant disease (Navari et al. 
1999; Van Belle et al. 2002). L754030 (given as dual therapy with dcxamctha- 
sone) was also effective in reducing acute emesis, although dual therapy with 
ondansetron and dexamethasone was superior in this early phase (van Belle et 
al. 2002). A higher efficacy of L754030 in controlling delayed vs. acute emesis 
was further supported by a study performed on 53 cisplatin -naive patients who 
received 60-100 mg of the L754030 prodrug, L758298 (Cocquyt et al. 2001). Ow- 
ing to its effectiveness in preventing chemotherapy-induced nausea/emesis, 
L754030 (Emend*) has recently been approved in the USA for the treatment of 
this pathological condition. Thus, L754030 is the first compound arising from 
the research efforts in the tachykinin field to become a drug for the manage- 
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ment of human diseases. L754030 underwent further clinical trials lo assess its 
efficacy in the control of painful conditions such as dental pain or osteoarthritic 
neuropathic pain. However, doses [300 nig per os (p.o.)] of L754030 found effec- 
tive in the treatment of depression or emesis failed to be analgesic in both pain- 
ful conditions (Rupniak and Kramer 1999). 

Several chemical analogs of L754030 have been synthesized by Merck, and 
proven effective as antidepressant/antiemetic agents in preclinical animal mod- 
els. One of the most relevant is L760735 which is able to prevent vocalizations 
evoked in guinea pig pups by transient maternal separation (Kramer el al. 1998) 
and to increase the time spent by gerbils in social interaction (Cheeta et al. 
2001 ); this latter study suggests that this compound could be useful in anxiolytic 
therapy. 

A different class of *NKi receptor antagonists, derived from the screening of a 
Merck sample collection, is represented by N-ethyl-L-trypluphan benzyl esters, 
whose most representative and active compound is 1732138 (Pig. 2; MacLeod 
ct al. 1994), L732138 possesses nanomolar affinity for human NKi receptors 
(Table 5) and a 200-fold reduced affinity for die rat-type NK, receptor (Cascieri 
et al. 1994). Intensive work was undertaken by Merck chemists on the L732138 
backbone^ in order to minimize its: rapid metaholic degradation and improve 
both solubility and bioavailability. Their efforts: led to the synthesis of L737488 
(Fig. 2), a compound showing higher affinity than J/732138 at human NKi re- 
ceptors (Table 5) along with good oral activity in reducing SP-induced plasma 
protein extravasation in guinea pigs (IDso=1.8 mg/kg, p.o.) and improved solu- 
bility in water (MacLeod et al. 1995). 

LY 303870 and Related Compounds 

A new class of NKi receptor antagonists was developed at Lilly, by optimization 
of N-acetylated tryptophan amides and esters (Hipskind el al. 1996). The most 
interesting compound of this scries is LY 303870 (lanepitant), in which the car- 
boxy group of tryptophan is reduced and funcliohalized with an N-acctyl tertia- 
ry amide (Kig. 3). LY 303870 showed subnanomolar affinity for human NK, pe- 
ripheral and central receptors, approximately 50-fold lower affinity for rat or 
mouse NK) receptors* arid very low affinity for tachyldnin NK 2 or NK 3 recep- 
tors^ T, L and N-type calcium channels (pKi values lower than 6.0 at these latter 
receptors) (Table 5; Gitter et al. 1995). The ability of LY303870 to interact with 
NK X receptors was highly stereoselective, as demonstrated by its (S)-enantiomer 
(named LY3061 55) which bound to human or animal NKi receptors with 1,000- 
15,000-fold lower affinities (Gitter et al. 1995). LY303870 proved to be a very po- 
tent antagonist of NKi-receptor mediated effects in both the rabbit isolated vena 
cava (Table 3) and in vivo experiments, in which it potendy inhibited both 
bronchoconstriction (ID 50 =13/jg/kg Lv.) and pulmonary microvascular leakage 
(ID 50 =8^g/kg Lv.) induced by [Sar^JSP sulfone in the guinea pig (Gitter ct al. 
1995). Subsequendy, the antinociceptive potential of LY303870 was examined in 
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typical tests of pain such as the tail flick latency test and the formalin test in rats 
(Iyengar et al 1997). In boll) bioassays LY 303 870 was shown to produce long- 
lasting, antinociceptive effects after systemic or oral administration, to; a range 
of quite high closes: 1-30 rng/kg (Iyengar cLal, 1997). l ower doses of LY303870 
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(1-100/ig/kg) were inquired to prevent plasma protein extravasation induced by 
electrical stimulation of the trigeminal ganglion in guinea pigs, a model though! 
to be represeriialivc of migraine of neurogenic origin (Phebus et.al. 1997). Nev- 
ertheless, subsequent clinical trials with TY303870 provided disappointing re- 
sults, as it was found ineffective in relieving osteoarthritic pain (Goldstein et al. 
2000), in preventing migraine (Goldstein et al. 2001a) and in relieving pain of 
diabetic neuropathy (Goldstein et al. 2001b). The failure qf TY303870 as an anal- 
gesic in the clinical trials was first attributed to its inadequate penetration of the 
blood-brain barrier (Goldstein ct al; 2000), a possibility that would explain its 
low potency in preventing foot-tapping in gcrbils and cisplatin-induced cmcsis 
in ferrets (Table 4; Rupniak el al 1997). In this regard. Urban and Fox (2000) 
have argued that the Failure of LY303870 to exert analgesic effects is not surpris- 
ing, since this compound is poorly effective even in inflammatory and neuro- 
pathic models of the guinea pig, a species endowed with a human-like NKi re- 
ceptor, and for this reason more predictive than other models of pain in ro- 
dents. Whatever the explanation, it is worth mentioning that other trials with 
compounds better at penetrating the CNS (such as L754030, see Sect. 4.5) did 
not provide pain relief either. More recently, die effectiveness of LY303870 in a 
mouse model of inflammatory bowel disease has been reported^ both in reduc- 
ing the severity of.IBD and in allowing the partial healing of intestinal lesions in 
mice with preexisting IBD (Soneaet al. 2002; Table 6). 

4.7 

CGP49823, SDZNKT343, NKP608 

A new class of piperidiiie-based antagonists was obtained at Ciba-Geigy, 
through the modification of a lead derived: from the screening of a chemical col- 
lection. One of the most interesting compounds of this series derived from lead 
optimization is CGP49823 (Fig. 3; Haiiser et al. 1994). CGP49823 showed good 
affinity for bo vine NKi receptors (Table 5) arid antagonized with similar affinity 
(itW*i-3 nM) SP-induced inositol monophosphate production in human 
U-373MG cells and SP-induced contractions in the rabbit vena cava (Table 3), 
whereas it was approximately 100-fold weaker at NK^.o'r. NK3 receptors (Table 5; 
Hauser et aL 1994). In . viyp, CGP49823: increased - active social time in rats and 
reduced the immobility time of rats in the swim test, after both single or sub- 
chronic oral administration of high doses (3-30 nig/kg) (Yassqut et al. 1994). 
These results led the authors to indicate a potential anxiolytic and antidepres- 
sant effect of CGP49823 (Table 6). High doses of CGP49823 were also required 
to inhibit thumping behavior induced by Lev. administration of SP methylester 
in gcrbils (ED 5 o=50 mg/kg p.o.) (Vassoiit el al. 1994). This result was confirmed 
by Rupniak and coworkers (1997) who* in addition, found CGP49823 to he inef- 
fective in preventing cisplatin-induced acute retching in ferrets and concluded 
that this compound does not readily cross the Wood-brain barrier. On this ba- 
sis, Rupniak and Kramer (1999) questioned whether the reported antidepressant 
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effects produced by CGP49823 in rats arc attributable to antagonism of NK t re- 
ceptor radicr than another pharmacological effect. 

Another series of compounds discovered at Novartis was obtained by combi- 
nation of a series of 2rhalo-substituted benzylthioureas with aromatic amino 
acid amides leading to a series of 2-N0 2 phenyitliiourea analogs, whose most ac- 
tive derivative was SDZNKT343 (Fig. 3; Walpole et al. 1998b). SDZNKT343 
showed subnanomolar affinity for human NKi receptors (Table 5) and at least 
500-fold lower affinity for the rat NKi receptor,, whereas its less active 
cnantiomer was about 1,000 times less active at all receptors (Walpole et al. 
1998a). The mechanism of interaction of SDZNKT343 with human NR, recep- 
tors was clearly noncompetitive, as was the antagonism by SDZNKT343 of 
[Sar 9 ]SP sulfbne-induccd contractions in the guinea pig ileum (Walpole et al. 
1998a). SU2NKT343 is an extremely selective ligand of human NKi receptors 
relative to a wide array of binding sites; however, at 10^M it inhibited voltage- 
activated Ca 2+ and Na + currents in guinea pig dorsal root ganglion neurons, as 
did CP96345 and CP99994 (Walpole ct al. 1998a). In vivo, SDZNKT343 (30 mg/ 
kg p.o.) reduced mechanical hyperalgesia elicited by intraplantar carrageenan in 
guinea pigs> being significantly more potent than other NKi receptor antago- 
nists like RPR100893 or SK140333, whereas it was less efficacious in reducing 
thermal hyperalgesia in carrageenan-pretreated guinea pigs (Campbell el al. 
2000). In addition, SDZNKT343 (30 mg/kg p.o.) reversed by 60% the plasma 
protein extravasation induced by Freund's complete adjuvant in the guinea pig 
knee joint. On the basis of these results there is great expectation that 
SUZNKT343 could, exert analgesic activity in man, as proposed by Urban and 
Fox (2000) who outlined the high reliability of the guinea pig models of neuro- 
pathic pain and inflammation over similar models in rodents. 

More recently Novartis lias presented a novel 4rainino piperidine derivative: 
NKP608 (Fig. 3; Vassout et al. 2000). In vitro, NKP608 showed nanomolar: affini- 
ty for bovine NK X receptors (Table 5), and blocked with similar affinity 
(1050=2.6 nM) SP-indueed inositol monophosphate production in human 
U-373MG cells, while it bound with only tenfold reduced affinity to the rat NKi 
receptor (Vassout ct at. 2000). In in yivo behavioral tests, such as the social in- 
teraction test, oral doses of NKP608 specifically increased the time spent by rats 
in social contact, and in a social exploration test similar doses of NKP608 in- 
creased the time spent by the intruder rat in social contact: with the resident rat. 
Both effects of NKP608 resembled those exerted by the benzodiazepine drug 
chlordiazcpbxide, and suggested a possible anxioly tic use of NKPG08 in humans 
(Table 6; Vassout et al. 2000). In the hind foot diumping model in gerbils, 
NKP608 was a highly effective and long-lasting antagonist fallowing oral admin- 
istration of doses comparable to those found effective in the rat: this, finding 
provided an indirect demonstration of a good ability of NKP608 to cross the 
blood-brain barrier (Vassout et al. 2000). Anxioly tic-like effects of NKPG08 have 
recently been reported also in gerbils, a species bearing a NKi receptor more 
similar to the human type than the rat In the gerbil model, low doses of 
NKP608 given orally were reported to be as effective as the anxiolytic drug 
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chlordiazcpoxide (Gentsch et al 2002). In addition to its anxiolytic activity, 
NKP608 has been reported to produce antidepressant- like effects in a chronic 
mild stress model of depression in rats (Papp et al. 2000). In this latter model 
NKP608 (0-03-0.1 mg/kg p.o.) produced effects comparable to those of imipra- 
mine> but the onset of action was faster with NKP608 than with the tricyclic an- 
tidepressant Interestingly, the dose-response curves for both the anxiolytic 
(Vassout et al. 2000) and antidepressant (Papp el al. 2000) effects of NKP608 in 
rats were bell -shaped: i.e., the positive effect seen at relatively low doses was fad- 
ing out at higher doses. The cause of this behavior of NKP608 is not fully under- 
stood (see Vassout el al. 2000, for tentative explanations). 

4.8 

PD154075 (CI1021) 

A new scries of compounds containing a tryptophan motif was developed al 
Parke-Davis in, the mid-1990s, starting from a dipeptidc library, from which a 
lead peptide compound (Z-Trp-Phe-NH 2 ) showing micromolar affinity at tachy- 
kinin receptors was obtained (Boyle et al. 1994). Further modifications of this 
lead, yielded PD1 54075 (or CI1021), a compound bearing a methyi-tryptophan 
group and a 2-benzofuran moiety (Fig. 3). PD154075 showed high affinity for 
NKi receptors of man, guinea pig and other human-related species in binding 
and functional assays (Tables 3 and 5), whereas it bound with approximately 
300-fold lower affinity to rat or mouse N Ki receptors (Doyle et al. 1994; Singh et 
al. 1997). In vivo, PIU54075 potently (lD 5 o=0.02 mg/kg i.v.) blocked SP methyles- 
ter-induced plasma protein extravasation in the guinea pig bladder (Boyle et al. 
1994) and 1 dosc-dependently [1-100 mg/kg subcutaneously (s.c.),] antagonized 
[Sar*]SP sulfone-induced foot tapping in die gerbil, this latter effect supporting a 
central mechanism of action for this coriipound (Singh et al. 1997). Brain pener 
tration by PD 154075 after oral administration in rats was confirmed by extrac- 
tion and HPLC assay: its absolute oral bioavailability in this species was 49±15% 
(Singh et al. 1997). An antiemetic potential of PD154075 was shown in the ferret: 
in this species PD154075 (10 mg/kg sx. three times a day for 3 days) almost com- 
pletely blocked both the acute and delayed emetic response to, cisplatin (Singh et 
al. 1997). In a model of postoperative pain in the rat, PDl54075-given before, 
not after surgery-selectively blocked both mechanical and thermal hypersensi- 
tivity of the operated rats and, unlike morphine, did not modify the length of an- 
esthetic-induced sleep (Gonzalez et al, 1998; Table 6). The analgesic activity of 
PD154075 has further been shown in a chronic constrictive injury model (sciatic 
nerve ligation), in which rats developed thermal and mechanical hyperalgesia 
along with cold, dynamic and static allodynia (Gonzalez et al. 2000). PD154075 
blocked all these responses (except dynamic allodynia), without inducing toler- 
ance during a 10-day long treatment with 100 ing/kg/day s.c. Importantly, 
PD154075 blocked hypersensitivity in guinea pigs induced by sciatic nerve liga- 
tion, with a minimum effective dose of 0.1 mg/kg p.o.; on the basis of these re- 
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suits it has been proposed as a possible therapeutic agent in inflammatory and 
neuropathic pain (Gonzalez ct al. 2000). 

4.9 

TAK637 

In 1995 Natsugari and coworkers at Takeda presented a new series of N-benzyl- 
carboxyamide compounds, that were the result of optimization of a benzodiaze- 
pine-based cholecystokinin antagonist chosen as the lead compound. The most 
active compound of this series showed subnanomolar affinity for die human 
NKt receptor along with high oral potency in preventing capsaicin-induced 
plasma protein extravasation in guinea pigs (Natsugari ct al. 1995). Further op- 
timization of this series of compounds yielded TAK637 (Pig. 3), a very potent 
antagonist of the human NKi receptor, with >I00-lbld reduced potency at the 
rat NKi receptor (Natsugari et aL 1999; Tabic 5). Moreover, TAK637 has been 
claimed to be at least 2000 limes weaker at NK 2 or NK 3 than human NKj recep- 
tors (Okano el al, 2002). However, it should be noted that while die affinity of 
TAK637 for NK 3 receptors (pKi <6.0) has been checked in a binding assay on 
guinea pig cerebral cortex membranes, lliat for NK 2 receptors (pA 2 =6.0) has 
been evaluated in functional experiments on the guinea pig ileum, using NICA 
as the agonist (Nalsugari et al. 1999). Thus, both the presence of additional NK ( 
and NK 3 receptors in the tissue, and the poor selectivity of the agonist used 
(NKA) make the outcome of the latter experiments questionable. More recently, 
Venkova aiid coworkers (2002) have established that in the guinea pig isolated 
colon the ratio between antagonist potencies of TAK637 at NKi vs. NK 2 recep- 
tors is at least 20-50:1] however concentrations of TAK637 higher than 0;1^M 
were not tested in that study, so that determination of an exact potency ratio 
was hampered (Tabic 3). In vivo, systemic TAK637 increased the volume thresh- 
old of saline required to elicit the micturition reflex in anesthetized guinea pigs 
without decreasing the voiding pressure; an effect that was reproduced in 
unanesthctized animals after oral administration of low doses of TAK637 (Doi 
et al. 1999). Furthermore^ TAK637 was able to decrease the number, but not am- 
plitude, of rhythmic bladder contractions elicited by urinary bladder wall dis- 
tension (by saline), and also dose-dependendy reduced the number of animals 
responding with micturition to topical application of capsaicin onto the surface 
of the bladder dome (Doi et al. 2000). These results suggest TK637 as possible 
drug candidate for the control of urinary incontinence due to detrusor overac- 
tivity (Doi et al. 1999, 2000; Table 6) 

In a model of intestinal transit in the gerbil, TK637 selectively reduced the in- 
crease of fecal pellet output provoked by both administration of an NK t recep- 
tor-selective agonist or by restraint stress, Without modifying spontaneous ex- 
cretion of fecal pellets in control animals (Okano et al. 2001). In a model of vis- 
ceral pain, intraduodehal TK637 stereoselectively reduced the number of ab- 
dominal contractions provoked by colorectal distension in rabbits previously 
subjected to colonic irritation (Okano et al. 2002). Inlrauiccal administration of 
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TK637 was also effective in this model (Okano et al. 2002), thus showing that 
central (spinal cord located) receptors are the most probable target of the action 
of TK637. These results led Okano and coworkers (2001> 2002) to suggest that 
TK637 may he useful in treating functional bowel disorders such as IBS. 

4.10 

Other Nonpeptide Compounds 

WIN51078 (Fig. 3) is one of the most interesting heterosteroid compounds of a 
series, obtained through the screening of natural products, being endowed with 
appreciable affinity for the rat NKi receptor (IC 5 o=50 nM in rat forebrain mem- 
branes) (Venepalli et al. 1992). However, WINS 1078 possesses a dramatically 
lower (about 400-fold) affinity for the human NKi receptor as compared to the 
rat type (Sachais and Krause 1994). This characteristic of action, while reinforc- 
ing the concept 1 that important species-related differences exist among tachyki- 
nin receptors, has represented a serious drawback that hampered the develop- 
ment of WINS 1078 and related compounds into drugs to be used in human dis- 
eases. 

R116301 (Fig. 3) has recently been introduced by Johnson & Johnson as a po- 
tent and selective pipcridinc-based NKi receptor antagonist (Megehs et al. 
2002), R 116301 is endowed with subnanomolar affinity for human NKi recep- 
tors and over 200-fold selectivity relative to human NK2, NK3 and rat NKj recep- 
tors (Table 5). In vivo, Rl 16301 has been shown to: potently antagonize both pe- 
ripheral (SP-ituUiccd plasma protein extravasation) and central (thumping in 
gerbils) NKi receptor-mediated effects. In addition, HI 16301 is able to reduce/ 
prevent tmesis caused by various emetic stimuli in ferrets, cats arid dogs,; also 
after oral pretreatment (Megens et aL 2002) < The ratio of oral vs* parenteral ac>. 
tivity ranges from 0.2 to 2.7 in the species examined, and the action lasts from 
6.5 to 16 h. An oral dose of 300 mg Rl 16301 was found effective in reducing SP- 
ind ttced dilation of the precontracted hand vein in human volunteers (Romerio 
et al. 1999). The available results obtained with R 116301 make it a promising 
tool to be exploited in clinical trials for various human diseases involving a role 
!oif NKj receptors, 

5 

Therapeutic Perspectives for NKi Receptor Antagonists 

Historically, the first indication for which a tachykinin NKi receptor antagonist 
was expected to be efficacious was pain, as the early evidence for an involve- 
ment of SR in pain transmission aiul perception had been collected since the 
1950s, and subsequently this concept had been widely supported by a plethora 
of preclinical. studies (for a review see Quartara and Maggi 1998). Thus, it was 
not surprising to see the first potent and selective nonpeptide antagonists such 
as CP96345 (Sect. 4.1), RP67580 (Sect. 4.2) and SR14U333 (Sect. 4.3) to produce 
antinociceptive and antinflatiimaiory effects in classical animal models for test- 
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ing analgesic drugs, thereby providing further support for a role of NKi recep- 
tors in nociception and inflammation (Table 6). Nevertheless, after promising 
results had been obtained with CP99994 in patients suffering with postoperative 
dental pain (Sect 4.1 ); all subsequent clinical trials with CP99994 itself and sev- 
eral other nonpep title compounds such as LY303870 (Sect. 4.6), I. .754030 (or 
MK869; Sect. 4.5) and RPR 100893 (Sect. 4.2) were disappointing, as they failed 
to demonstrate analgesic effects in patients affected by osteoarthritis, neuro- 
pathic pain, dental pain and migraine. Several explanations have been put for- 
ward in an attempt to explain this discrepancy between preclinical and clinical 
results (Rupniak and Kramer 1999; Hill 2000a, 2000b; Urban and Fox 2000). 
One of the criticisms was that certain antagonists (like LY303870 and others) 
are ineffective as analgesics in clinical trials because of an inadequate penetra- 
tion of the blood-brain barrier. However, it is worth not ing that better CMS pen- 
etrating compounds (like L7 54030) did not provide pain relief either (Rupniak 
and Kramer 1999). 

At present, there aire two main pathological conditions in which tachykinin 
NKj receptor-selective antagonists have been confirmed effective in humans: 
emesis, and affective disorders such as depression and anxiety. The first evi- 
dence that ah NK^ antagonist could be useful in the control of emesis provoked 
by cisplatin and various other stimuli, was collected 10 years, ago with GP99994 
in the ferret (Sect. 4.1). Subsequently, CP99994 and other antagonist compounds 
like GR203040, GR205171 (Sect. 4,4), PP 154075 (Sect. 4.8) and others have 
proved effective in blocking the effects of various emetogens in animal species 
such as Suncus murinusi dog and cat. In man, CP122721 has been the first com- 
pound reported successful in reducing delayed emesis in patients under chemo- 
therapy (Sect. 4.1). Since it was less effeclive in the control of nausea it was dis- 
continued for this indication (Hvangelista 2001). Another compound shown to 
be effective in the control of chemotherapy-induced emesis in humans is 
L754030 (aprcpitaht, Emend*; Sect. 4.5) that has recently been approved in the 
USA for the combination treatment of this pathological condition. Thtis, 
L754030 is the first compound arising from research in the field of tachykinins 
to become a drug for the care of human diseases. GR205171 has also been pro- 
ven efficacious in reducing postoperative nausea and emesis, but unable to re- 
duce motion-induced nausea in healthy volunteers (Sect 4.4). 

CGP49823 (Seel. 4.7) was shown in 1994 to be active in. the social interaction 
test and swimming test in rats, and on the basis of these results it was claimed 
to possess a potential anxiolylic/aiitidepressant property The etticacy of 
CGP49823 in these tests has been questioned afterwards, because of the poor 
ability shown by this compound to cross the bioodr-brain barrier (Rupniak and 
Kramer 1999). Demonstration of antidepressant and possibly anxiolytic activity 
afforded by an NKi receptor antagonist has been furnished by Kramer and 
coworkers (1998), in both animals and humans, by the use of L754030 (MK869) 
and related compounds (Sect. 4.5). NKP608 is another promising compound in 
this area, having been shown effective in affording anxioly tic-like effects in rats 
and gcrbils and antidepressant effects in rats (Sect. 4.7; Tsblc 6). Tachykinin 
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NK] receptor-selective antagonists are also expected to provide therapeutic ef- 
fects in peripheral inflammatory, diseases in which Lhe role . of both tachykinins 
and NKi receptors have been clearly documented in preclinical invcsliftn lions. 
The main peripheral indications are: asthma/bronchial hyperreactivity and in- 
flammatory bow-el disease; A possible antiasthmatic activity of these compounds 
was envisaged with lhe first peptidic antagonists such as FK888 or M.KN1L467 
(Sect 3.2) which were found effective in preventing both bronchoconstriction 
and plasma protein extravasation in the airways, induced by tachykinins and/or 
other stimuli. However, the clinical trials performed with FK888 and CP99994 
(Sect. 4.1) have provided negative results. Now there is general expectation that 
mixed NKi/NK 2 receptor antagonists might afford beneficial effects in asthma, 
relative to NK] or NK 2 reccjptor-sclective compounds. Tachykinins are thought 
to be important mediators involved in the genesis/rnaintcnahec of various in- 
flammatory gastrointestinal diseases^ a concept that is based on an increasing 
number of studies that have been reviewed extensively elsewhere (e.g., Holzer 
and Holzer-Petsche 1997; Holder 1998; Buerio 2000). Various NKi receptor an- 
tagonists have been found effective in reducing the severity of experimental IBD 
in animals, including SRI 40333 (Sect 4.3), LY303870 (Sect. 4.6) and TAK637 
(Sect. 4.9; Table 6). This latter compound has been Found effective in a model of 
visteral pain in rabbits and on this basis it has been proposed for the treatment 
of IBS. However, its selectivity for NKi over NK 2 receptors is not well document- 
ed, and the possibility that reduction of visceral pain by TAK637 stems from 
blockade of NK 2 receptors remains to be iiivestigated. Nevertheless, the effec- 
tiveness of a very selective NKi receptor antagonist, such as CJ 11 974 (ezlopi- 
tant), in patients affected by LBShas been documexiled recently (Sect. 4.1). • 
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